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ABSTRACT 
Laurel E. Averett: Single-Molecule Force Spectroscopy Studies of Fibrin ‘A–a’ 
Polymerization Interactions via the Atomic Force Microscope 
(Under the direction of Professor Mark H. Schoenfisch) 
 
Fibrin, the polymerized form of the soluble plasma protein fibrinogen, plays a critical 
role in hemostasis as the structural scaffold of blood clots. The primary functions of 
fibrin are to withstand the shear forces of blood flow and provide mechanical stability to 
the clot, protecting the wound. While studies have investigated the mechanical properties 
of fibrin constructs, the response to force of critical polymerization interactions such as 
the ‘A–a’ knob–hole interaction remains unclear. Herein, the response of the ‘A–a’ bond 
to force was examined at the single-molecule level using the atomic force microscope. 
Force spectroscopy methodology was developed to examine the ‘A–a’ interaction while 
reducing the incidence of both nonspecific and multiple molecule interactions. The 
rupture of this interaction resulted in a previously unreported characteristic force profile 
comprised of up to four events. We hypothesized that the first event represented 
reorientation of the fibrinogen molecule, the second and third represented unfolding of 
structures in the D region of fibrinogen, and the last event was the rupture of the ‘A–a’ 
bond weakened by prior structural unfolding. The configuration, molecular extension, 
and kinetic parameters of each event in the characteristic pattern were examined to 
compare the unfolding of fibrin to other proteins unfolded by force. Fitting the pattern 
 iii 
with polymer models showed that the D region of fibrinogen could lengthen by ~50% of 
the length of a fibrin monomer before rupture of the ‘A–a’ bond. Analysis showed that 
the second and third events had kinetic parameters similar to other protein structures 
unfolded by force. Studies of the dependence of the characteristic pattern on calcium, 
concentration of sodium chloride, pH, and temperature demonstrated that the incidence of 
the last event was affected by solution conditions. However, only low pH and high 
temperatures reduced the probability that an interaction was characteristic, indicating that 
the force required to rupture the ‘A–a’ bond was less sensitive than the bond’s resilience 
to structural unfolding to solution conditions. The structural unfolding that precedes the 
rupture of the ‘A–a’ bond may prove significant in the polymerization and mechanical 
properties of fibrin. 
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Chapter 1: 
Introduction 
 
1.1 Fibrinogen and fibrin 
Fibrin, the polymerized form of fibrinogen, the third most prevalent plasma protein, is 
responsible for the structural stability of blood clots.1-6 Though the fibrin network 
consists of only 0.25% of the volume of a clot, it is responsible for the structural integrity 
of the clot under the flow of blood.7 Upon injury to a blood vessel, the coagulation 
cascade generates thrombin, a serine protease, which converts soluble fibrinogen to 
insoluble fibrin. Fibrin spontaneously polymerizes through non-covalent interactions and 
forms a complex network of fibers that holds platelets, red blood cells, and other proteins 
at the site of injury. Since fibrin is active in the flowing environment of blood, its 
mechanical characteristics are critical for proper assembly, function, and eventual lysis. 
Inappropriate mechanical properties of fibrin clots cause bleeding and clotting disorders 
such as insufficient clotting and excessive bleeding (hemophilia), excessive clotting with 
prolonged duration and vessel blockage (thrombosis), and dislodged clots that block 
vessels away from the site of injury (thromboembolism). Furthermore, the biological 
roles and physical properties of fibrin have made it an attractive biomaterial for tissue 
engineering scaffolds and wound sealants.8, 9 
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1.1.1 Fibrin(ogen) structure. Fibrinogen, a 340 kDa protein, is a symmetric, 
hexameric protein, consisting of three pairs of identical chains: the Aα, Bβ, and γ (Figure 
1.1A).3, 5, 10-13 The N-termini of all six chains meet in the disulfide-rich central E region 
of the molecule. The Aα and Bβ chains have disordered structures extending outwards 
from the molecule with lengths of 27 and 64 peptides upstream of the first disulfide, 
respectively. Each chain extends outwards in a coiled-coil towards the distal D regions. 
The D regions contain the individually folded globule, largely homologous γ and β 
modules. The γ module contains a high-affinity polymerization site known as hole ‘a’ 
with a critical calcium-stabilized loop, known as the γ1 calcium.14 The β module contains 
a proposed polymerization site known as hole ‘b’, which also includes a calcium-
stabilized loop, β1.12 A second calcium binding site in the β module, β2, serves as a 
bridge between the β and the coiled-coils, such that β module is held against the coiled-
coil with hole ‘b’ facing the center of the molecule.12 Both the modules comprising the D 
region consist of mostly loops with short segments of coiled-coil, and a four-strand β-
sheet (Figure 1.2B). An unusual structural characteristic of the fibrinogen γ module is that 
after forming the region around the hole, the C-terminus of the chain inserts into the 
antiparallel β-sheet in its module, forming the second strand. Yakovlev et al. reported that 
the γ module is functional (i.e., binds knob ‘A’) in the absence of this inserted strand.15 A 
small interface is present between the γ and β modules that holds the γ module at a 30º 
angle with respect to the coiled-coil. The C-terminus of the Aα chain folds back towards 
the center of the molecule, interacting with the N-terminus of the Bβ chain. 
To transform fibrinogen to active fibrin, thrombin cleaves fibrinopeptides A and B 
(FpA and FpB, respectively) from the N-termini of the Aα and Bβ chains converting  
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Figure 1.1. (A) Schematic (top) and crystal structure (bottom) of fibrinogen colored by 
chain. The D and E regions are indicated. In the schematic, the αC domains are shown 
interacting with the N-termini of the Bβ chains. In the crystal structure, created using 
Protein Data Bank entry 3GHG, neither the αC domains nor the N-termini of the Aα and 
Bβ chains are resolved, and are therefore not shown. (B) Ribbon depiction of two 
fibrinogen D fragments with bound knob ‘A’ and ‘B’ mimics, peptides GPRP and GHRP, 
respectively (spheres). C-terminal γ chain insert into β-sheet colored orange. Constructed 
from Protein Data Bank entry 1LTJ. 
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 them to the α and β chains and exposing polymerization sites known as knobs ‘A’ and 
‘B’, respectively (Figure 1.2B).16 Thrombin preferentially cleaves FpA such that the 
release of FpB is delayed in normal polymerization.17 The release of FpB frees the 
fibrinogen αC domains from their interactions with the E region.18, 19 The ‘A’ and ‘B’ 
knobs noncovalently interact with preexisting polymerization sites, known as holes ‘a’ 
and ‘b’, in the γ and β modules, respectively, of other fibrin monomers (Figure 1.2C).16 
Thus, half-staggered protofibrils are generated, and laterally aggregate to form fibers 
(Figure 1.2D). The forces and interactions responsible for lateral aggregation are unclear, 
but may involve ‘B-b’ knob-hole, αC–αC, and D–D interactions.3 The fibers grow, 
branch, and fuse to form the complex fibrin network that serves as the structural scaffold 
of a blood clot (Figure 1.2E). Finally, Factor XIII ligates the fibrin fibers in both the αC 
and γ modules. Some controversy over whether γ ligation is longitudinal or lateral exists, 
though for the purposes of the studies herein we will assume it longitudinal.4, 20-22  
The difference between fibrinogen and fibrin is simply that fibrinogen retains the N-
terminal fibrinopeptides, FpA and FpB, which thrombin cleaves to transform fibrinogen 
into fibrin. Due to the high affinity of knob ‘A’ for hole ‘a’, fibrin is rarely observed in its 
monomeric form. Herein, the term fibrin(ogen) is used when either or both fibrin and 
fibrinogen are meant. For example, the ‘A–a’ knob–hole interactions we study are 
fibrin(ogen) interactions, since only fibrin has knob ‘A’, and fibrinogen is used as the 
source of hole ‘a’.  
 
1.1.2 Fibrin polymerization. Fibrin polymerization has mostly been characterized 
using turbidity measurements for which lag time, rate of turbidity increase, and final 
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Figure 1.2. Schematic of fibrin polymerization. (A) Fibrinogen monomer, with both FpA 
and FpB in tact, and αC domains interacting with FpB. (B) Thrombin cleaves FpA and 
FpB from the center of the molecule, exposing knobs ‘A’ and ‘B’. (C) Interactions 
between holes ‘a’ and knobs ‘A’ form double stranded, half-staggered protofibrils (αC 
domains and knobs ‘B’ not shown for C-E). (D) Protofibrils grow and laterally aggregate 
to form fibers. (E) Fibers grow, branch, and merge to form the complex fibrin network. 
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turbidity are the key parameters.21 Lag time is usually associated with FpA cleavage and 
protofibril formation when the strands are not large enough to scatter light. Lateral 
aggregation of protofibrils causes the turbidity to increase, so the rate of turbidity 
increase is associated with the rate of polymerization. The final turbidity of the fibrin 
network is proportional to the size of the fibers and the density of the network.23 
Supplemental clot morphology characterization is often performed via scanning 
electron or confocal microscopy.24 Final fibrin network structure is commonly reported in 
terms of fiber thickness, pore size, and the number of branch points. The effects of the 
concentrations of thrombin, fibrinogen, and calcium as well as pH, ionic strength, and 
temperature on fibrin polymerization and structure have been studied previously, and will 
be discussed in greater detail in Chapter 6.21, 24 While it may be intuitive to perform all 
experiments in conditions that are physiologically relevant, the dynamic environment of 
blood ensures that at least fibrinogen and thrombin concentrations are not static. To 
understand fibrin polymerization in the diverse conditions of the vasculature, it is 
necessary to examine fibrin in solution conditions over the physiologically relevant 
range.  
 
1.1.3 Fibrin mechanical properties. Since fibrin provides the structural support for 
blood clots that must mitigate the shear forces of blood flow, it has an inherently 
mechanical function. The straight appearance of fibers in fully polymerized fibrin 
networks indicates that they are under strain even in static environments.6 The 
mechanical properties of fibrin have been studied on multiple levels including the 
strength of the network, the elasticity of individual fibers, and changes to monomeric 
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structure under force. Viscoelastic and rheology studies of whole clots have focused on 
the correlation between clot structure (i.e., thickness of fibers and porosity) and 
mechanics.2, 25, 26 Other studies have examined the mechanics of fibrin fibers and 
monomers. Individual fibers have been probed by both optical tweezers (OT)27 and 
atomic force microscopy (AFM).28, 29 The use of the OT technique allowed individual 
fibers to be manipulated in the context of a whole clot. Collet et al. reported that fibrin 
fibers were relatively stiff compared to other biopolymers and exhibit strain-stiffening 
behavior.27 The authors hypothesized that such behavior allows clots to both bend out of 
the flow of blood, preventing vessel occlusion and resisting premature rupture. The AFM 
experiments, where single fibrin fibers suspended over a polymeric microchannel were 
mechanically extended, found that fibrin fibers are among the most extensible 
biopolymers and that much of this extensibility is reversible.28-30  
The discovery of the exceptional extensibility of fibrin fibers led to several 
investigations into its source. At this juncture, two dominant hypotheses of the 
mechanism responsible for fiber extensibility exist: protofibrils sliding with respect to 
each other, and unfolding of structural domains within the monomers that comprise 
protofibrils. These hypotheses are not mutually exclusive, and may each play a role in 
fibrin extension at different strains. Falvo et al. reported that the extensibility of fibrin 
fibers is correlated with the length of a natively disordered proline-rich section of the αC 
region.29 Since there is evidence that lateral aggregation of protofibrils is at least partially 
due to αC–αC interactions,6 this correlation points to protofibril sliding as the source of 
fibrin extensibility. Others have used smaller fibrin oligomers to demonstrate that the 
coiled-coil region of the fibrin monomer is capable of elongating into a β sheet, which 
  8 
lends credence to intraprotofibril contributions to fibrin extensibility.31-33 Furthermore, a 
recent study of the mechanical behavior of clots by small angle x-ray scattering suggests 
that monomeric unfolding must occur in stretched fibers.33 In addition, the forced 
unfolding of the γ module of fibrinogen may contribute to fibrin extensibility at high 
strains.34, 35 It is unclear how each of these inter- and intraprotofibril mechanisms 
contribute to the reversibility of fibrin fiber extension. 
 
 
1.2 Single molecule force spectroscopy 
 
Recent technical advances in analytical tools commonly used to probe proteins such 
as fluorescence resonance energy transfer, two-photon microscopy, electron microscopy, 
molecular modeling, AFM, and OT, have enabled the examination of biological systems 
at the single molecule level. By observing the behavior of single proteins (versus large 
ensembles of biomolecules), previously ambiguous questions have been resolved. Due to 
the advent of techniques that use force as the means to probe single molecule systems 
(i.e., AFM36 and OT37), biophysics in particular has benefited from the expanding field of 
single molecule force spectroscopy (SMFS). Force studies have shed light on mysteries 
surrounding protein folding and structural stability.38 While both OT and AFM probe the 
mechanical properties of single molecules, each has unique attributes that qualify it for 
different applications. The OT technique typically has a low force regime capable of 
measuring sub-piconewton forces with high temporal resolution, which make it 
appropriate for force-clamp studies and examining many biological systems. However, 
the spatial resolution of most OT systems prevents its use for examining protein folding. 
The AFM, which is capable of applying and sensing forces well into the nanonewton 
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range, has a lower-force limit of several piconewtons, restricting its use for some 
biological systems. On the other hand, the sub-nanometer spatial resolution of the AFM 
makes it the tool of choice for mechanical studies of protein folding and stability. Below, 
the requirements for and typical applications of SMFS are outlined. 
Despite the complexity of the data gathered, the AFM as a force sensor is both 
requires only the most basic physical principles to describe, as shown in Figure 1.3 shows 
and Figure 1.4 with a basic schematic and force curve, respectively. The AFM probe, 
typically a silicon nitride pyramid, is affixed to the end of a micron-scale cantilever, and 
moved towards and away from the substrate with sub-nanometer precision. The 
cantilever’s deflections, detected with an optical lever comprised of a beam of light 
reflected off of the back of the cantilever onto a position-sensitive photodetector, may be 
translated into forces applied to the probe with Hooke’s law (i.e., F=-kx, where F is force, 
x is deflection, and k is the empirically determined spring constant of the cantilever).36, 39 
As the probe encounters the substrate, the cantilever is bent upwards until a pre-
determined deflection trigger is reached. The cantilever may then retracted from the 
substrate at a constant velocity. If an interaction between the substrate and probe was 
formed, the cantilever is bent downwards until the restoring force of the cantilever’s bend 
exceeds the strength of the interaction, which breaks. The cantilever then continues to 
retract at zero-deflection. The data collected from force spectroscopy experiments are 
force versus separation traces, or ‘force curves’. The ‘strength’ of the interaction between 
the tip and the substrate is the maximum force achieved, and the shape of the force curve 
prior to rupture may be analyzed for clues about the behavior under force of the 
constructs the tip and substrate. 
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Figure 1.3. Schematic of the AFM. 
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Figure 1.4. Idealized force curve (A) and corresponding motions of the AFM probe (B). 
The tip approaches the substrate with zero deflection (1), making contact (2) and pressing 
into the substrate to a pre-determined set point (3). If a bond exists between the tip and 
substrate, the cantilever will deflect as it retracts (4) until the restoring force of the 
cantilever exceeds the strength of the bond, which ruptures and the cantilever continues 
to retract (5). 
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Two primary goals exist for SMFS studies: forced unbinding of interactions between 
molecules and forced unfolding of protein structures. For both aims, it is necessary to 
take precautions to ensure that the phenomena observed are indeed single molecules, and 
specific to the molecules of interest. 
 
1.2.1 Experimental requirements for SMFS. Force spectroscopy may be, and often is, 
performed on systems that are not single molecules. For example, the interactions of 
bacterial cells with protein-coated substrates have been examined with the OT technique, 
and correlations between binding forces and strain virulence found.40 Due to the 
complexity of the force-separation traces, it is nearly impossible to draw anything but 
qualitative conclusions from interactions between multiple pairs of molecules. In 
addition, force spectroscopy is plagued by nonspecific interactions, which limits the 
conclusions drawn from data. It is thus necessary to optimize methodology and perform 
standard tests to ensure that the interactions measured are specific and between a single 
pair of molecules.  
The method of probe and substrate modification with proteins is a key element for 
SMFS experiments. It is desirable to form a strong link between the protein and the 
surface to reduce artifacts in the force data due to protein dislodging, while at the same 
time preventing surface-related denaturation of the proteins so that the interactions of 
interest remain intact throughout the experiment. The most common method for 
immobilizing fibrinogen for force spectroscopy is nonspecific adsorption directly onto 
the AFM probe. The primary drawback of this method is that adsorbed proteins are often 
denatured due to the large number of hydrophobic interactions involved in adhesion. 
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Since the interactions between the protein and the surface are not covalent, it is also 
possible for the protein to become dislodged from the surface during the course of the 
experiments, adding artifacts to the data. To account for these issues, crosslinkers 
including glutaraldehyde, or self-assembled monolayers in combination with standard 
NHS/EDC chemistry have been used to covalently attach fibrinogen to surfaces.41, 42 
While polyethylene glycol (PEG) linkers for protein immobilization are more laborious 
and costly, the known length and extension profile of PEG polymers facilitates data 
analysis and filtering.43 Immunochemistry has also been used to immobilize proteins in 
an oriented manner for probing the interactions between the substrate and specific sites 
on the protein.44-46 To maximize the probability of single-molecule interactions, a 
common strategy is to co-immobilize the protein of interest with a blocking protein such 
as bovine serum albumin (BSA).47-49 Regardless of immobilization strategy, rinsing with 
high-ionic strength and low-pH buffers is important to remove aggregates and loosely 
adhered protein. Surfactants and excess blocking proteins have been included in the 
buffers to reduce the likelihood of nonspecific interactions between the tip and 
substrate.45, 49 
To ensure that the interactions are specific, a series of controls involving non-
functional surfaces and interaction inhibitors are commonly performed.50-53 Since 
nonspecific adhesion events often occur regardless of preventative measures, measures to 
subtract the background that the nonspecific interactions cause have been taken.48, 54 
Filters have also been employed to exclude low-force interactions at small tip-substrate 
separations, eliminating most nonspecific events.34  
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While there exist no standard procedures for ensuring the single-molecule nature of 
interactions, a combination of several strategies have been employed to prove this 
characteristic.38, 49 Since Poisson statistics indicate that an interaction frequency of 
roughly 10–20% implies that the majority of interactions are between single molecules, 
protein immobilization procedure is often optimized so that the interaction probability is 
in this range.55 In addition, a method to check the single-molecule nature of interactions 
has been utilized whereby the relationship between concentration of protein immobilized 
and both the frequency and magnitude is determined.48, 56 If the interactions are between 
single pairs of molecules, the frequency of the interaction should vary directly with 
surface coverage, while the force magnitude should remain constant. A last method to 
identify single-molecule interactions has involved examining the shape of the force 
probability distributions. Single-molecule interactions should both result in a 
characteristic shape with a long low-force tail and drop off quickly at high forces, while a 
high-force tail is indicative of interactions between multiple molecules.51 
 
1.2.2 Interactions between molecules. While interactions between single pairs of 
molecules have been studied with the AFM since the inception of force spectroscopy, the 
difficulties associated with the methodology required to eliminate non-specific 
interactions and interactions between multiple pairs of molecules has limited the 
conclusions drawn from such experiments. Reviews of the breadth of these experiments 
can be found elsewhere,38, 49, 57 and only a few notable cases will be described below. 
Perhaps unsurprisingly, the first and most widely characterized model system of 
forced unbinding of single-molecule interactions is the streptavidin–biotin system. Early 
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experiments by Lee et al. used BSA to covalently link biotin to a microsphere 
immobilized on the AFM probe, and streptavidin to a mica substrate, detecting unbinding 
forces of ~350 pN.58 Since then the multiple-valence nature, strength, and ubiquity of the 
streptavidin–biotin interaction has made it an attractive target for more recent 
examination of force-mapping,59 the effects of multiple parallel bonds in force 
spectroscopy,51 and association kinetics.53 Other biological interactions commonly 
examined with the AFM include protein–receptor,60-62 antibody–antigen,41, 46, 63 and 
peptide–DNA.64  
One particularly interesting class of interactions recently investigated with SMFS is 
catch bonds.65 Discovered in studies of the flow-rate dependence of bacterial adhesion to 
protein-coated surfaces, catch bonds become stronger when force is applied. Among the 
protein systems that have demonstrated catch bond behavior are interactions responsible 
for Escherichia coli binding to red blood cells, interactions involved in cellular motion, 
and interactions critical to leukocyte adhesion to blood vessel walls.66 Such bonds have 
been identified using two methods for plotting the force data: off-rate versus force, and 
force versus loading rate. In plots of bond off-rate versus applied force for catch bonds, 
the off-rate decreases with increased force (a situation opposite to normal interactions). If 
the data is instead plotted as bond strength versus loading rate, catch bonds will exhibit a 
dramatic increase in bond strength above some critical loading rate, as opposed to 
monotonically increasing bond strength seen for other bonds.61, 67 
 
1.2.3 Forced unfolding of protein structure. Studies of protein (un)folding and 
structural stability under force have become of great interest to the SMFS community. 
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The breadth of such studies may be found in thorough reviews elsewhere.38, 68-71 In 1997, 
Rief et al. discovered that the multidomain-repeat muscle protein titin could be unfolded 
with the AFM.72 In these experiments, titin was nonspecifically adsorbed to mica, and 
force curves were acquired with nonfunctionalized probes. The resulting force curves 
exhibited a characteristic sawtooth appearance, with the peak of each ‘tooth’ representing 
the rupture of a critical bond that allowed the extension of an unstructured domain, 
represented by the drop and following rise in force (Figure 1.5). The sawtooth curves 
have been fit with ideal polymer models to extract information regarding the length of the 
fully unfolded peptide chain, as well as its remaining structure, as is described below.50, 
71, 73, 74 Since these seminal experiments, the behavior of titin under force has been 
characterized by several groups.75 Recombinant titin variants have been constructed to 
examine the effect of calcium ions on mechanics,76 engineer differences in mechanical 
strength,77 and create disulfides.78 Titin has been used as a model protein system to 
demonstrate molecular dynamics simulation of AFM techniques,79 force clamp 
methodology,80 and examine the importance of pulling direction in forced unfolding of 
proteins81 and protein refolding under tension.82 
The extension of other proteins has also been initiated using AFM. Myosin, a long 
double-stranded coiled-coil structure has been probed and found to be an elastic structure 
with no hysteresis between the folding and unfolding force traces.83 In contrast, each of 
the short double-stranded coiled-coil domains of spectrin has been shown to 
cooperatively unfold.84 Other multi-domain repeat proteins such as fibronectin have 
proven to have similar mechanics to titin.81, 85 Likewise, other engineered proteins 
including ubiquitin,86 actin cross-linking domains,87 protein L,88 and de novo folds89 have  
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Figure 1.5. (A) Schematic of unfolding multi-domain proteins and (B) ‘saw tooth’ 
appearance of the associated force curve. Force applied to the multi-domain protein (1) 
ruptures a critical bond in one of the domains, allowing it to become unstructured (2). 
The ‘slack’ then extends in a manner well modeled as an ideal polymer (3) until the 
critical bond in the next domain ruptures (4).  
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been mechanically probed. Each of these studies has provided insight into the mechanics 
and stability of protein structure and the mechanisms involved in protein folding. 
 
1.3 Single molecule force spectroscopy analysis 
 
Several types of information have been gained from SMFS studies by careful analysis 
of the information acquired. First, the elasticity of the tether (i.e., the mechanical 
properties of the intact molecular construct) has been examined by analyzing the force 
curve prior to final bond rupture.38, 90 In addition, kinetic parameters such as the rates of 
bond association and dissociation have been deciphered.57, 61, 70, 91 The association rate 
(i.e., on-rate) dictates how quickly a bond is formed, and is commonly limited only by the 
rate of diffusion of the molecules associated with the bond, though structural changes or 
other energetic barriers to bond formation slow the association rate.53 The dissociation 
rate (i.e., off-rate) depends on the depth of the energy well of the bound species, and is 
the inverse of the half-life of the bond. These parameters have provided insight about the 
relationship of the mechanical energy landscape to that of thermal or chemical 
denaturation and bond rupture.74, 92, 93 
 
1.3.1 Polymer-like behavior. Force spectroscopy experiments have traditionally been 
designed to examine forced unfolding of proteins. This is exceptionally useful to study 
mechanical proteins comprised of multiple, identical domains, including titin,72, 76, 94 
chromatin,95 myosin,83 spectrin,84 fibronectin.94, 96 and nebulin.97 Unfolding these proteins 
is characterized by a saw-tooth pattern in the force curve, with each ‘tooth’ representing 
the unraveling of a specific domain and subsequent critical rupture of the next domain. 
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To best understand the unfolding structures, the unraveling portions of the curve may be 
fit with models describing an ideal polymer chain.73 These polymer chain models, 
notably the worm-like chain (WLC) and freely jointed chain (FJC), use two parameters: 
the contour length (i.e., end-to-end distance of a fully extended chain), and a shorter 
length describing the stiffness of the chain (i.e., the persistence or Kuhn length for the 
WLC or FJC, respectively).98 With the aid of these parameters, the unfolding structures 
may be estimated. The most common information sought is the increase in contour 
length, ΔL, between ruptures, which elucidates the structural regions unfolded. 
The earliest and most commonly used model is the WLC model for its analytical 
simplicity.72 A WLC is a homogeneous chain that may bend with a limited radius of 
curvature, much like a garden hose without kinks. These chains are characterized by their 
persistence length, which is the minimum distance between monomers required to 
eliminate communication between the monomers.98 In other words, if the orientation of 
one monomer is perturbed, monomers over a persistence length away will not be affected 
by the perturbation. The longer the persistence length, the less stiff the polymer (i.e., the 
polymer may be extended such that its end-to-end length nears its contour length with a 
minimum application of force). For unfolding proteins, persistence lengths ~0.4 nm, the 
approximate size of a single amino acid, are common.69 The relationship between force F 
and end-to-end length x of such a chain is: 
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where a is the persistence length, and L is the contour length.  
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Methods have been developed to employ the FJC model for unfolding proteins.73, 99 
An FJC is a chain of rigid, volumeless monomers that may flex in any direction at their 
joints. The Kuhn length, is similar to the persistence length in that it describes the 
minimum unit of length of the FJC that acts as an ideal polymer. However, polymers 
described as an FJC will have a Kuhn length approximately twice the persistence length 
of the same polymer described as a WLC.73 The relationship between force and the end-
to-end length of a FJC is:  
€ 
F = kBT a( )L*(R),  (1.2) 
where a is the Kuhn length, kBT is the thermal energy, R is the extension ratio (end-to-end 
distance / contour length), and L*(R) = y is the inverse Langevin function, where L(y) = 
coth(y)-1/y. Since the inverse Langevin function is not an analytic function, several 
approximations have been developed to approximate the FJC at different extension ratios. 
Most recently, a simple closed-form function L*(R) = (1-R)-1+(1-R)2, has been used to 
great success.53 
Despite the success of these models, caution must be used in applying either of them 
to a real system such as protein unfolding.73 Since they are both ideal polymers, by 
definition they ignore interactions between monomers. This is an especially egregious 
mistake when modeling proteins that are comprised of monomers capable of 
experiencing hydrophobic effects, hydrogen bonding, electrostatic interactions, and steric 
hindrance. Information gained from using these models may thus be inaccurate in several 
ways. Nevertheless, as a first approximation, the WLC and FJC are adequate for most 
types of information desired from such experiments. 
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1.3.2 Kinetic Parameters. In 1997, Evans and Ritchie developed a method of gaining 
kinetic information from single molecule force spectroscopy experiments based on an 
earlier paper by Bell100 (appropriately called the Bell-Evans model).101 This model 
suggests that the force of rupture is dependent on the loading rate (i.e., rate at which the 
force applied to a bond increases) in a manner determined by the off rate at zero applied 
force and the characteristic distance (i.e., distance between bound and transition states). 
The equation defining this dependence is 
€ 
F = kBTx ln
˙ F x
koff 0( )kBT
 
 
 
 
 
 ,  (1.3) 
where x‡ is the characteristic distance, koff(0) is the zero-force off rate, and 
€ 
˙ F  is the 
loading rate (Figure 1.6). Of note, this model assumes that both the zero-force off rate 
and characteristic distance are loading rate-invariant. By finding the force at which the 
bond ruptures under a range of loading rates (usually varied by changing the probe retract 
velocity), these kinetic parameters may be obtained. This simple model has been 
successfully applied to many systems within experimental error.70 Furthermore, studies 
have reported the results of such analysis to be close to the corresponding kinetic 
parameters gained from traditional equilibrium biochemical assays. 
Significant attention has been given to the non-linear behavior of force versus loading 
rate. Deviations from linear behavior have been attributed to multiple barriers between 
the bound and unbound state.102, 103 Using the Bell-Evans formalism, complexity in the 
energetic landscape correlates with a change in slope of the force-loading rate curve at 
high loading rates.104 Akhremitchev and colleagues have demonstrated that such changes 
in slope may be attributed to lack of sensitivity in the high- and low-loading rate 
regimes.51
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Figure 1.6. Schematic of energy landscape (with distance being the reaction coordinate 
x) of a bond at equilibrium (left) and under force (right). The characteristic distance x‡, 
transition energy ΔG‡, and off-rate are indicated. Applied force F distorts the landscape 
in a distance-dependent manner so that the bound state is no longer the lowest energy 
state, and moving the bond out of equilibrium. 
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 Others have explained non-linearity in trends of F versus ln(
€ 
˙ F ) by accounting for 
assumptions made in the Bell-Evans model.105 For example, models have been used to 
include possible changes in the characteristic distance with loading rate. Schlierf and Rief 
included a term in the most-probable force function explicitly describing the shape of the 
energy well (in an experiment using the immunoglobulin-like domain ddFLN4, the 
energy well was found to be funnel-shaped).105 However, execution of this model is 
difficult and is highly dependent on the shape of the well. Dudko, Hummer, and Szabo 
have developed a more robust method of modeling forced unbinding experiments using 
only two additional variables that describe the shape of the well: ΔG‡ and ν, the energy 
difference between bound and transition states and a term giving the approximate shape 
of the well, respectively.93 Their method suggests transforming the data into off-rate as a 
function of force (see below), and then fitting the trend with  
€ 
koff (F) = koff (0) 1−
νFx
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,   (1.4) 
where the most common values of ν are 2/3 and 1/2, corresponding to the linear-cubic 
and cusp shapes of the energy wells. In the case of ν = 1, this model reduces to the Bell-
Evans approximation. One drawback of this technique is that it is only applicable below 
the critical force (Fc = ΔG‡/νx‡), above which the barrier disappears. As this is an artifact 
of the model, other models may be used at high forces to extend the Dudko-Hummer-
Szabo model past this limit. 
It may be desirable to use the off-rate as a function of force trend rather than force as 
a function of loading rate since loading rates may vary considerably within and between 
experiments. These loading rates are subject to both the retract velocity and spring 
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constant of the probe and the compliance of the tether. Further, this transformation allows 
velocity-clamp experiments to be directly compared to force-clamp experiments, in 
which the lifetime of a bond (τ = 1/koff) is investigated as a function of force. To perform 
the transformation from (F) to koff(F), the relationship 
€ 
koff (F) =
p(F) ˙ F (F)
p(F ')dF '
F
∞
∫
  (1.5) 
is used. The trends for several different experiments at different loading rates may be 
averaged to sample a wider range of forces than would be accessible with a single 
loading rate.  
The kinetic parameters extracted from force spectroscopy techniques have been 
compared to those obtained from other techniques (i.e., chemical and thermal 
denaturation).74, 92, 93 In particular, the zero-force off-rate may be investigated via surface 
plasmon resonance and other non-equilibrium techniques.106 The free energy difference 
between the bound and free states, as established by the Hummer-Dudko-Szabo model, 
have been compared to results from techniques such as isothermal calorimetry.57 Indeed, 
several studies have compared the energy landscapes of a few model systems as 
investigated by both force spectroscopy and other techniques.107 Such comparisons have 
revealed that the reaction coordinate dictates the agreement between techniques, as the 
pulling direction affects the kinetic parameters of proteins unfolded by force.81, 108 Some 
directions are ‘good’ parameters for unfolding or unbinding studies, as they closely 
mimic thermal denaturation or unbinding.  
 
1.4 Fibrin(ogen) and the AFM 
! 
˙ F 
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Due to its unique shape, relatively large size, and biological relevance, many research 
groups have employed fibrinogen to demonstrate the utility of AFM in studying protein 
adsorption.109 Indeed, the first report of protein imaging in liquid investigated fibrin 
polymerization on mica,110 and one of the first reported uses of non-contact AFM 
imaging to examine a biological sample was fibrinogen on silicon dioxide.111 Since these 
seminal publications, fibrinogen has been used to demonstrate techniques for removing 
artifacts from single-molecule images,112 filtering the abundance of data generated from 
force spectroscopy experiments,113 and coupling the AFM to other instruments.114, 115  
This section will explore the methodology necessary to study fibrinogen adsorption to 
surfaces using the AFM. The imaging and force spectroscopy capabilities of the AFM are 
separately addressed. Methodological considerations are presented for each, while 
experimental motivations and associated parameters are discussed to identify best 
practices for data collection. Lastly, recent advances in applying the AFM’s imaging and 
force spectroscopy modalities to studying fibrinogen are described.  
 
1.4.1 Imaging. The two modes of imaging most commonly used to study fibrinogen 
adsorption are alternating contact (i.e., ‘tapping’), non-contact, and contact modes 
(Figure 1.7).116 Other imaging modes including higher harmonic imaging have not yet 
been applied to the study of fibrinogen. These modes will not be discussed, but interested 
readers are directed to other reviews.117-120 In contact mode, the tip is moved along the 
surface, and topological changes in the substrate and/or differences in frictional force 
between the tip and substrate translate to deflections of the cantilever (Figure 1.7A).121 A 
feedback mechanism maintains the applied force between the tip and substrate by 
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modulating the distance between the cantilever base and the substrate. Of note, this 
motion applies lateral force to the substrate capable of dislodging adhered objects.122-126 
In contrast, alternating contact or tapping mode is based on oscillating the tip near its 
resonance frequency as it is rastered along the surface. Changes in the amplitude and 
phase of the oscillations correspond to the topology (Figure 1.7B) and stiffness (Figure 
1.7C) of the sample, respectively. In turn, the latter enhances topographical images to 
provide molecular-scale resolution on rough surfaces.127 Little to no lateral forces to the 
substrate are generally observed via alternating contact mode, though the vertical forces 
may be large, altering the height of soft samples.128 With respect to fibrinogen, Agnihotri 
and Siedlecki reported movement of surface-bound fibrinogen by the AFM probe in 
tapping mode,129 suggesting the need for careful experimental design. Non-contact mode 
is similar to alternating contact mode in that the cantilever is oscillated near its resonance 
frequency and rastered across the surface. However, by reducing the amplitude and 
increasing the oscillation frequency, the probe may respond to long-range attractive 
forces instead of short-range repulsive forces, as is the case for alternating contact  
mode.117, 128 While this mode of imaging provides high-resolution with small impact 
forces, it is technically complex to execute and has therefore found limited use for 
imaging fibrinogen.128 
In addition to imaging mode, sample hydration and post-imaging analyses must be 
considered when imaging fibrinogen. While the ability to function in liquid sets the AFM 
apart from other microscopy techniques (e.g., electron microscopy), imaging fully 
hydrated samples allows for a better representation of protein at the expense of imaging 
resolution. Gettens and Gilbert reported that fibrinogen molecules exhibit markedly  
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Figure 1.7. Schematic of (A) contact and (B, C) intermittent contact or tapping mode 
imaging with the AFM. In tapping mode, (B) changes in topology are represented by 
changes in the amplitude of the oscillation, (C) while changes in sample stiffness are 
represented by changes in the oscillation’s phase lag, indicated by arrows.  
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different appearance in liquid than in air, including a reduction in volume of the adhered 
proteins in the dehydrated sample.124 However, the superior resolution in air has allowed 
for the observation of fibrin features as small as αC domains.122, 130 Dried proteins also 
adhere more strongly to surfaces than those in liquid, decreasing the likelihood that the 
AFM probe will disturb and distort the protein during imaging.  
Sample preparation for protein imaging is highly dependent on the goals of the study. 
Imaging single molecules requires a low surface density of protein. As such, dilute 
solutions of protein must be employed to prepare the substrate. In contrast, studies of 
bulk protein adsorption to biomaterials use protein concentrations nearer physiological 
conditions. If the fibrinogen is to be imaged in air, the surface must be removed from the 
solution, rinsed, and dried in a manner that least disturbs the surface-bound protein, as 
contact with the air-water interface may denature adsorbed fibrinogen. Drying under a 
stream of nitrogen gas represents the most efficient and uniform method for drying a 
surface, as Ortega-Vinuesa et al. demonstrated that simply allowing a wet surface to dry 
under ambient conditions results in rings of denatured protein.131 The time between 
surface modification and imaging also affects protein hydration and structure. For 
example, Ohta et al. reported protein spreading as a function of time following substrate 
preparation.130 When imaging in liquid, it is possible to adsorb fibrinogen either in situ or 
ex situ. Immobilizing protein in situ with the aid of a flow cell device contributes 
minimal disturbances to the surface. Furthermore, real-time data may be acquired as 
images are collected throughout the process of protein immobilization.121, 123, 124, 127, 129, 
132-136 However, flow cell accessories are often complicated to construct and use, and may 
be expensive. In addition, the physical interaction between the AFM probe and the 
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protein during imaging may alter the kinetics of fibrinogen adsorption. Preparing surfaces 
ex situ enables the acquisition of ‘snapshots’ of the adsorption process without AFM 
probe interference.123, 124, 135-137  
Both the size and shape of the AFM probe may result in imaging artifacts including 
lateral enlargement and false features.116 When the object to be imaged and the probe 
(typical radius of ~5–10 nm) are of similar sizes, as is the case with fibrinogen (5 × 5 × 
45 nm), the area of the object appears enlarged. The size and distinct trinodular shape of 
fibrinogen has made it an attractive model protein to test methods designed to subtract 
probe shape artifacts from AFM images. In 1996, Wilson et al. introduced a method to 
restore the true shape of fibrinogen molecules imaged via AFM by first calibrating the tip 
size and shape with a sphere of known dimensions.112 Similar methodology was later 
applied to real images of fibrinogen by Sit and Marchant.132, 133 While not yet becoming 
the standard for fibrinogen imaging, Gettens and Gilbert acknowledged that their surface 
coverage-based adsorption kinetics studies would benefit from similar strategies.124   
When using the imaging mode of the AFM to study fibrinogen adsorption to a 
surface, the goals of a study dictate the amount of protein and imaging scale. The 
nanometer-scale resolution of the AFM on flat surfaces allows the size and morphology 
of single molecules to be analyzed for details regarding the interactions between the 
structures of fibrinogen and the substrate.133, 136, 138-141 Alternatively, the height, 
roughness, and frictional forces of supra-monolayers of fibrinogen hold information 
about the amount and structure of the adsorbed protein.121, 142 
The mode of adhesion to different surfaces may be studied from the structure of 
single surface-bound fibrinogen molecules imaged.133, 136, 138-141 For example, Van De 
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Keere et al. demonstrated that the different regions (e.g., αC, D and E) mediate the 
protein’s conformation as a function of a substrate’s surface properties, since the 
fibrinogen αC domains are positively charged and the D and E regions have a net 
negative charge with several external hydrophobic patches at neutral pH.141 Marchin and 
Berrie reported on the importance of the αC domains promoting electrostatic attractions 
when fibrinogen adsorbs to negatively-charged surfaces (e.g., mica and titanium).139 As 
such, the αC domains are impossible to resolve as they lie beneath the bulk of the 
molecule, and fibrinogen loses its trinodular morphology.139 In contrast, the D and E 
regions facilitate adsorption to hydrophobic surfaces (e.g., highly-ordered pyrolytic 
graphite), leaving the αC domains to either remain associated with the E region or lay 
alongside the molecule. Toscano and Santore have resolved both fibrinogen’s trinodular 
morphology and the αC domains next to or in contact with the E region on hydrophobic 
surfaces.123 
Single molecule imaging has also been used to elucidate the structural stability of 
adsorbed fibrinogen on a specific substrate (i.e., exposed to a specific surface 
chemistry).122, 129, 130, 133 Proteins adsorbed to most surfaces undergo spreading to 
maximize surface area interacting with the substrate. Much of this spreading is associated 
with denaturing of the protein. Systematic studies exploiting the ability of the AFM to 
measure both the area and height of an object have examined the extent of fibrinogen 
spreading as a function of surface chemistry122, 133 and time.129, 130 Such measurements 
have proven highly dependent on the conditions under which the proteins were adsorbed 
and imaged (i.e., whether in air or aqueous conditions, as a function of surface roughness, 
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pH, and time of adsorption), making direct comparison difficult. Standardization of this 
field would be beneficial for future work. 
The use of AFM to obtain information on the kinetics of fibrinogen adsorption further 
demonstrates the utility of imaging over more complex analytical methodology (e.g., 
radio-labeling, fluorescence, surface plasmon resonance).123, 124, 135, 136 Such studies often 
require the scanning of larger areas (e.g., 10 × 10 µm2) to better quantify surface area 
coverage.121, 123, 138, 143 The resolution required for imaging protein monolayers is less 
than for discerning submolecular features on single fibrinogen molecules. To quantify 
fibrinogen adsorption to rough substrates, phase data from alternating contact mode 
images may be used, since proteins such as fibrinogen have different mechanical 
properties than the underlying polymer, phase data effectively filters out any topological 
complexity of the substrate. Holland and Marchant resolved single fibrinogen molecules 
on rough polymer surfaces via phase imaging data, an imaging mode that allows for the 
evaluation of a material’s stiffness.127 In addition, Childs et al. used phase data to 
improve the resolution of fibrinogen adsorption to topologically complex polymer 
surfaces.144 Alternatively, Milleding and coworkers evaluated the RMS values from the 
height data of images of fibrinogen films on ceramic-based dental implants as a measure 
of protein surface coverage.142  
Other studies have sought to visualize the biological activity of surface-bound 
fibrinogen as it binds to thrombin,134 liposomes,145 or integrins,146 or polymerizes to 
fibrin.110, 128, 147-149 For example, Hussain et al. embedded nanogold-labeled integrins in a 
lipid-bilayer, using the labels to locate the integrins that were otherwise too small to 
resolve from the underlying substrate.146 As expected due to the proximity of the C-
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terminus of the g chains to the distal ends of the molecule, the fibrinogen was observed 
radiating outwards from the integrin-modified spheres. Abou-Saleh et al. reported varied 
polymerization of two types of fibrinogen, allowing connections between fibrin assembly 
and mechanical properties to be drawn.128 
To understand what specific surface properties affect fibrinogen adsorption, AFM 
imaging has interrogated many substrate types. Studies have included high-resolution 
imaging of single molecules at ultraflat substrates like mica and highly-oriented pyrolytic 
graphite (HOPG), and SAMs to systematically alter surface chemistry. A universal 
requirement for such studies is that the surface be homogeneous to foster uniform 
adsorption and minimize time scanning for areas of interest.  
Historically, mica and HOPG have been employed to examine the morphology of 
single fibrinogen molecules with high resolution, due to their crystallinity, sub-nanometer 
root-mean-square (RMS) roughness, easy preparation, and affordability. In addition, the 
anionic and hydrophobic natures of mica and HOPG, respectively, allow one to probe the 
effect of principle chemical properties on fibrinogen adsorption. For example, Marchin 
and Berrie demonstrated that fibrinogen monomers assume different morphologies on the 
two surfaces, attributable to substrate hydrophobicity and charge.139 Fibrinogen adsorbed 
to HOPG was characterized as having a clear trinodular structure, similar to that observed 
in prior TEM studies.150, 151 In contrast, fibrinogen adsorbed to mica was more globular in 
appearance, indicating a different mode of adsorption to the two surfaces. The authors 
hypothesized that the chemical properties of each region of fibrinogen dictated the mode 
of adsorption, and therefore final morphology of the protein. Since substrate preparation 
impacts the structure of the protein imaged, it is important to note that several groups 
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have used the AFM to examine fibrinogen adsorption to both HOPG and mica at the 
single molecule level with varying results.129, 130, 133, 139 
Often, the goal of an AFM study is to explicitly examine the role of surface chemistry 
on protein adsorption to a surface. While different surfaces may be used to generate the 
desired surface chemistries (e.g., HOPG and mica), such examples inherently introduce 
differences in surface topology and underlying chemical structure. The use of self-
assembled monolayers represents a highly effective strategy for varying surface 
chemistry while maintaining the topographical and mechanical properties of the 
underlying substrate, often ultraflat gold substrates. Several groups have compared 
fibrinogen adsorption to negatively charged and hydrophobic SAMs at the single 
molecule,140 submonolayer,143, 152 and protein film121 levels.  
Due to its central role in the biocompatibility of blood-contacting surfaces, it is often 
desirable to examine fibrinogen adsorption to specific relevant biomaterials such as 
polymers and implant-grade inorganics. This fact, coupled again with ease of preparation 
and cost effectiveness are the primary motivations for adhesion studies to polymer 
substrates such as polystyrene,153 polydimethylsiliconate (PDMS),127, 144 
polymethylmethacrylate,154 and polyethyleneglycol (PEG).155, 156 Since the surface 
topography of most polymer films is rougher than HOPG and mica, polymeric substrates 
are more commonly used to assess bulk fibrinogen adsorption than single fibrinogen 
molecule adsorption. Fibrinogen adsorption to other common biomaterials, such as 
titanium,122, 141 ceramics,142 and stainless steel,124, 135, 136 has also been examined via 
AFM. Similarly to the aforementioned polymers, the inherent topology of these materials 
generally limits their use to the study of protein films. However, methodologies have 
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been developed to polish such surfaces to a degree suitable for single molecule 
imaging.123, 124, 136, 141 
Single experiments comparing the adsorption of fibrinogen to multiple surfaces are 
now possible using patterned substrates. Indeed, changes in frictional force,121 height,156 
or phase152 may be used to establish differences in the amount and conformation of 
fibrinogen adsorbed to different patterned regions on the substrate. Using patterned 
substrates, Ta and McDermott reported that the frictional forces observed at methyl- and 
carboxylate-terminated SAM regions evolved during fibrinogen adsorption.121 They 
attributed such changes to protein denaturation, the rate of which differed depending on 
the surface chemistry.  
While early work related to in AFM imaging of fibrinogen focused on obtaining high-
resolution images of single molecules, extracting increasing amounts of information from 
larger groups of protein represents more recent advances. Toscano and Santore have used 
the AFM to observe the kinetics of fibrinogen adsorption to silica-based surfaces (i.e., 
native oxide on silicon and acid-etched glass).123 By counting individual molecules on 
surfaces exposed to fibrinogen solutions, they were able to detect fibrinogen adsorption at 
the transport-limited rate. They found that changes in fibrinogen adsorption were not 
detectable by the AFM after two minutes due to surface crowding. Since parallel 
experiments evaluated with total internal reflectance fluorescence indicated that 
fibrinogen adsorption was diffusion limited (i.e., there was no surface crowding) at these 
times, the method of counting fibrinogen molecules in AFM micrographs is limited to 
protein coverage at which individual proteins could be discerned. An alternative method 
was introduced by Gettens and Gilbert, who used the AFM to observe the kinetics of 
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fibrinogen adsorption to biologically-relevant materials, with model surface chemistries 
including stainless steel, HOPG and mica.124, 135, 136 Briefly, kinetic information was 
obtained by fitting the surface coverage of substrates immersed in fibrinogen solutions 
for different periods of time with a Langmuir curve. Due to tip effects artificially 
enlarging protein areas, this method overestimated the surface coverage, resulting in 
notable error.  
Methodology for identifying specific proteins in heterogeneous films has recently 
been reported.52, 157 For example, researchers have modified AFM probes with anti-
fibrinogen antibodies to acquire either a map of force versus distance traces (i.e., force 
curves),158 or phase data images via tapping mode.152 Although plagued by lower 
resolution, force mapping results in highly accurate location data regarding adsorbed 
fibrinogen. Similarly, analysis of alternating contact mode phase data for such 
experiments indicates where the attraction between the tip and substrate is strongest with 
improved lateral resolution and analysis time. A technique to detect fibrinogen molecules 
in heterogeneous protein films without modifying the AFM probe was demonstrated by 
Soman et al., who used immunochemistry to label the substrate-bound protein with gold 
nanoparticles, object of larger, more discernable size.41  
 
1.4.2 Force spectroscopy of fibrinogen adhesion to surfaces. Whereas the imaging 
features of AFM allow for a detailed visual examination of adhered fibrinogen, the force 
mode enables the characterization of adhesion strength. In force-mode experiments, 
fibrinogen is nonspecifically adsorbed to the AFM probe prior to bringing the probe 
toward and away from a substrate of interest at a constant velocity. In this manner, 
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adhesive forces between the probe and substrate are measured as deflections upon 
cantilever retraction. The force of this deflection, deduced from Hooke’s law, grows until 
it exceeds the adhesive force, at which time the bond between the tip and substrate 
breaks. By acquiring several hundred force curves, the average or most probable forces of 
rupture are determined. Qualitatively, the rupture forces of systems with varying 
parameters such as protein type, substrate chemistry, or contact duration have been 
compared to deduce trends. Quantitatively, data have been compiled and analyzed with 
one of the many models available to determine the kinetics of the interactions. Both 
qualitative and quantitative studies are introduced below. 
Several methodological details must be considered when employing AFM force 
spectroscopy to examine fibrinogen adsorption, including protein immobilization, data 
analysis, and appropriate controls. The most common method for immobilizing 
fibrinogen to the AFM probe is nonspecific adsorption. Although simple, nonspecific 
adsorption often results in denatured proteins due to the large number of hydrophobic 
interactions involved in adhesion. Furthermore, it is possible for the protein to become 
dislodged from the surface during the course of the experiments, resulting in undesirable 
artifacts. Researchers have thus used crosslinkers such as glutaraldehyde to covalently 
attach fibrinogen to silicon-nitride AFM tips41 and glass coverslips (substrates).42 
Data analysis is a critical element for AFM force spectroscopy studies. Since protein-
related force data are generally complex (i.e., characterized by multiple ruptures), it is 
important to decipher which events correspond to protein desorption, structural changes, 
and/or thermal noise. In 2001, Gergely et al. described an algorithm designed to 
automatically choose events for analysis using the interactions of fibrinogen adsorbing to 
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glass, with the goal of minimizing operator bias.113 The algorithm first determined the 
standard deviation of the baseline thermal noise, then specific force events as some 
multiple of that value. While this method accounts for changes in force due to thermal 
fluctuations, it is not capable of discerning the source of rupture events. 
Performing multiple controls is imperative to ensure that the interactions observed in 
force spectroscopy experiments are between the fibrinogen and surface of interest, and 
reproducible. First, forces between the bare probe and the substrate should be 
investigated to assess the magnitude of background interactions. To minimize effects in 
the data attributable to differences in protein immobilization, it may be advantageous to 
use a single protein-modified tip for as many experiments as possible. However, since 
denaturation of the fibrinogen on the tip over time is likely, it is necessary to perform 
controls demonstrating that trends are surface-dependent and not a function of analysis 
time. 
Force spectroscopy with the AFM is relatively insensitive to substrate topology (i.e., 
roughness). In contrast, physical properties of the substrate including stiffness and 
surface energy are important. Soft substrates (e.g., membranes of cells) make 
determination of where the tip contacts the substrate and spring constant calculation 
difficult, and should thus be avoided. Nevertheless, soft substrates may be used if the 
goal is to obtain qualitative rather than quantitative information. 
Fibrinogen adsorption to multiple substrates with model surface chemistries, 
including glass,159, 160 SAM-modified gold,161, 162 polymers,42, 163, 164 and mica41 has been 
reported. Kidoaki and Matsuda examined the adhesion force of the three most prevalent 
plasma proteins (i.e., albumin, IgG, and fibrinogen) on model SAM substrates, finding 
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that fibrinogen adhesion was the strongest on all surfaces chemistries examined, 
attributable to its larger size.161 Similarly, Sethuraman et al. probed the adhesion strength 
of seven proteins on eight model surfaces.162 This comprehensive investigation found a 
correlation between a parameter accounting for both secondary structure and molecular 
weight of the protein and adhesion force. More recently, Xu and Siedlecki reported a 
strong correlation between the force of fibrinogen adhesion and the hydrophobicity of 
polymer-based substrate, with a notable decrease in force as the water-contact angle 
increased above ~60º.164  
Since force spectroscopy has higher tolerance for nanometer-scale surface roughness 
than high-resolution AFM imaging, fibrinogen adsorption to a wider range of biologically 
relevant materials including dialysis membranes,165 platelet membranes,60 and dental 
implants166 has been examined. Conti et al. found that nanometer-scale surface roughness 
(i.e., RMS values ranging from 0.3 to 5 nm) correlated with the adhesion strength of 
fibrinogen on both hydrophobic and hydrophilic dialysis membranes.165 As expected, 
greater surface roughness increased the surface area for protein-surface interactions. 
However, Xu and Siedlecki reported that surface roughness (i.e., RMS values between 4 
and 13 nm) was not a significant parameter in fibrinogen adsorption to surfaces.164 
To characterize fibrinogen adsorption with force spectroscopy, researchers have 
examined the force of adhesion as a function of loading rate and dwell time (i.e., the 
amount of time the tip is in contact with the substrate). The relationship between loading 
rate and rupture force is detailed in section 1.3.2. As the determinant of the contact time 
of the protein with the substrate, the dwell time mediates how many and what type of 
bonds (e.g., electrostatic involving residues on the surface of fibrinogen, or hydrophobic 
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involving buried residues normally at the protein core) develop between the proteins 
adhered to the probe and the substrate. Both loading rate and dwell time studies have 
enabled the elucidation of how fibrinogen adsorption is influenced by the dynamic 
environment created by blood flow in the circulatory system.160 
In 2000, Gergely et al. used fibrinogen as an example protein to demonstrate the 
ability to apply the Bell-Evans model to nonspecific protein adsorption.160 The 
shortcoming of this study was an inability to distinguish the adsorption of single 
fibrinogen molecules, as multiple molecules were immobilized to each tip. The same 
research group later created a model for protein adsorption that accounted for multiple 
adhesion points between the probe and substrate, resulting in a better fit between 
fibrinogen adsorption and the Bell-Evans construct.167  
Several research groups have studied the dwell-time dependence of fibrinogen 
adsorption to glass,159 dental implant surfaces (i.e., calcium phosphate and titanium),166 
and colloidal glass and polymer probes.42, 164 Each investigation found that the rupture 
force of fibrinogen adsorption increased with dwell time, maximizing after several 
seconds. In total, the results of these studies clearly indicate that conformational changes 
of fibrinogen responsible for adhesion are complete within the initial seconds of contact 
with a surface. Xu and Siedlecki reported that the saturation force was loading rate-
dependent, signifying that the conformational changes responsible for fibrinogen 
adhesion followed similar kinetic trends as single bonds.42 
A common drawback of force spectroscopy investigations of fibrinogen adsorption is 
the time- and force-dependent denaturation of the protein. Since the same small set of 
fibrinogen molecules immobilized on the AFM probe are used for potentially thousands 
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of force measurements, conformational changes to the protein over the course of an 
experiment often introduces systematic artifacts in the data. Furthermore, the small 
number of proteins examined (i.e., those immobilized on the probe) restricts investigation 
of the ensemble of fibrinogen molecules. Xu and Siedlecki immobilized a colloidal probe 
with the surface functionality of interest to the AFM cantilever to overcome these 
difficulties. In this respect, fibrinogen was adsorbed to the substrate and not the tip.42 
Each force curve was acquired at a different location on the sample, ensuring that a new 
protein was examined with each force curve. This method eliminated force-dependent 
denaturation artifacts and increasing the ensemble of fibrinogen molecules measured 
throughout the experiment. Using such methodology, the authors reported variation 
between the kinetics of fibrinogen adsorption to hydrophilic and hydrophobic substrates. 
At hydrophobic substrates, the relationship between the loading rate and rupture force of 
fibrinogen adsorption proved biphasic, indicating the existence of multiple energy 
barriers. The interactions between fibrinogen and hydrophilic surfaces exhibited a single 
energy barrier. Although the population of fibrinogen molecules probed was increased by 
adsorbing the fibrinogen to the substrate, examining fibrinogen adsorption at the single-
molecule level remains elusive. Since force spectroscopy data is most reliably interpreted 
when used to study the behavior of single bonds, future experiments will benefit from 
improved methodology for examining single molecules. 
Since the inception of the atomic force microscope, the examination of protein 
adsorption to surfaces at the molecular level has evolved into a dynamic field of study. 
Fibrinogen has served as a model protein for both the imaging and force modes of the 
AFM due to its unique size, shape, and biological relevance. Indeed, many fundamental 
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AFM methodologies related to studying protein adsorption including liquid imaging,110 
image analysis,112 and adsorption kinetics136 have been validated using fibrinogen. Since 
these seminal works, similar methodologies have been used to investigate the adsorption 
of other proteins such as immunoglobulin G,168, 169 albumin,170 and spider silk171 to 
surfaces. Furthermore, AFM has enabled an improved understanding of fibrinogen 
biochemistry at interfaces. The rate of continuing advances in AFM methodology and 
data analyses indicate that it will remain a viable tool for probing biological systems and 
phenomena. 
 
1.5 Significance and goals  
To date, many aspects of fibrin polymerization have been characterized including 
multi-level mechanics, the interactions involved in fibrin assembly, and the effects of 
solution conditions on both fibrin polymerization and mechanics.1-6, 33  However, the 
complexity of the polymerization process, as well as the structure of fibrin fibers and 
clots makes deciphering the source of mechanical characteristics difficult. Though fibrin 
fibers are known to be both highly extensible, relatively soft, and exhibit strain-stiffening 
behavior, the structures affected by fiber extension are unknown.2, 7 Moreover, it is still 
unclear how force is translated along a fiber, from protofibril-to-protofibril and 
monomer-to-monomer. While the same set of intermolecular interactions are responsible 
for fibrin polymerization in all cases, a wide range of clot morphologies exist, depending 
on factors such as pH, temperature, and protein concentration.1 Because of its mechanical 
role in vivo, it is important to study fibrin and its polymerization mechanisms under 
force. The complexity of fibrin makes examination of single-molecular phenomena an 
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attractive approach for understanding the behavior of larger complexes of protein. The 
goals of my dissertation research were to utilize the atomic force microscope to perform 
single molecule force spectroscopy on the fibrin ‘A–a’ knob–hole interaction. In doing 
so, I sought to develop the methodology necessary to study these interactions at a single 
molecule level, develop and employ sophisticated analysis techniques to characterize 
these interactions, and probe the effects of known mediators of fibrin polymerization on 
the ‘A–a’ interaction. 
The goal of Chapter 1 is to provide a brief overview of fibrinogen structure, function, 
and mechanics, and the atomic force microscope instrument. In addition, the 
fundamentals of single-molecule force microscopy and prior AFM studies of fibrinogen 
are reviewed. The procedures common to all experiments are detailed in Chapter 2. 
Chapter 3 describes the methodology developed to study the fibrin ‘A–a’ interaction 
using the AFM, the controls performed to ensure the specificity and single-molecule 
nature of the interaction observed, and describes the unfolding pattern characteristic of 
forced rupture of this interaction. In Chapter 4, the kinetics of the characteristic force 
rupture pattern is extensively characterized, while probing the scale of the unfolding 
structures single-molecule force spectroscopy techniques. Chapter 5 focuses on the role 
of calcium on the forced dissociation of the ‘A–a’ knob–hole interaction. The influence 
of solution conditions including pH, temperature, and chloride ion concentration on fibrin 
nanomechanics is described in Chapter 6. The conclusions and future directions of single-
molecule force spectroscopy investigations of fibrin(ogen) interactions are provided in 
Chapter 7. 
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Chapter 2: 
Experimental Procedures 
 
In this chapter, the experimental procedures and techniques common to all subsequent 
chapters will be described. Specifically, protein and surface preparation, AFM procedure, 
and data analysis will be described. Instances in subsequent chapters where the procedure 
varies from that described herein will be noted. 
 
2.1 Materials 
All reagents were of analytical grade and purchased from Fisher Scientific 
(Pittsburgh, PA) unless noted otherwise. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were purchased from Pierce (Rockford, Il). 
The 11-mercaptoundecanol and 11-mercaptoundecoic acid were purchased from Sigma 
Scientific (St. Louis, MO). Human plasma fibrinogen (FIB 1) and α-thrombin (HT 
2970PA) were purchased from Enzyme Research Laboratories (Southbend, IN). 
Batroxobin (batroxobin moojeni) was obtained from Center Chem (Stamford, CT). 
 
2.2 Protein generation 
For all experiments, protein solutions were acquired from Prof. Oleg Gorkun, who 
aliquoted them from stocks in the laboratory of Prof. Susan Lord. In some instances, Prof. 
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Gorkun synthesized and purified the protein himself, and in others, other members of the 
Lord lab performed these procedures. Since the author did not generate, purify, or aliquot 
any of the fibrinogen, the description of these procedures is omitted. If interested, the 
reader is directed to other sources for procedures for generating recombinant fibrinogen,1, 
2 fibrinogen fragments,3, 4 and fibrin chains.5 
 
2.3 Surface modification 
2.3.1 Generation of carboxylic-acid-modified surfaces. For all AFM experiments, 
both the substrate and the probe were modified with proteins in a similar manner; they 
were cleaned, coated with a thin layer of gold (Au), and a carboxylic acid-terminated 
self-assembled monolayer (SAM) was generated. The cleaning procedure for each 
surface was different. The substrates, which were glass microscope slides (Gold Seal, 
Portsmouth, N.H.), were cleaned with a piranha solution to remove organic 
contamination from the manufacturing procedure. Slides were immersed in a fresh 
piranha solution (1:3 30% hydrogen peroxide : sulfuric acid) for at least 45 minutes. The 
slides were carefully removed from the solution, rinsed copiously with alternating washes 
of ultrapure water and 100% ethanol, and dried with nitrogen.  
Like the glass microscope slides, the AFM probes (either DNP-S from Veeco Probes, 
Santa Barbara, CA or Olympus TR400PSA from Asylum Research, Santa Barbara, CA) 
had films of organic solvents from the manufacturing process. However, piranha-cleaning 
the probes may compromise the shape and structural integrity of the AFM probes.  
Therefore, the surfaces were cleaned with chloroform, gently dried with nitrogen, and 
irradiated with UV light for 30 minutes.   
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Once cleaned, both the microscope slides and the AFM probes were loaded into a 
high-vacuum metal sputtering system (Kurt Lesker Inc, Clairton PA). The vacuum 
chamber was evacuated to 10-7 Torr and backfilled with argon. A 3 nm chromium (Cr) 
adhesion layer was first deposited on both surfaces. The Cr plasma was lit at 45 W and 
200 × 10-3 Torr, which was then reduced to 18 W and 5 × 10-3 Torr for sputtering, with a 
rate of ~ 3 Å/s.  A 45 nm thick layer of gold was then deposited on each surface.  The Au 
plasma was lit at 47 W and 215 × 10-3 Torr, which was reduced to 23 W and 5 × 10-3 Torr 
for sputtering, with a rate of ~7 Å/s. Both the gold-coated probes and slides were stored 
in sealed containers to prevent dust accumulation, but otherwise in ambient conditions. 
The day before running an AFM experiment, carboxylic acid-terminated SAMs were 
generated on each surface. Immediately prior to immersion in the SAM solution, the 
gold-coated microscope slides were cut to size (~1 × 2 cm2). Both the substrates and 
probes were immersed in ~1 M 11-mercaptoundecanoic acid in absolute ethanol 
overnight. 
 
2.3.2 Protein modification. For single-molecule force spectroscopy, protein-modified 
surfaces (i.e., substrate and probe) should have sub-monolayer amounts of the protein of 
interest to ensure that interactions are between single molecules, and the protein should 
be strongly adhered to minimize desorption from the surface throughout the course of an 
experiment. Standard NHS and EDC chemistry was used to link free amines in the 
protein (i.e., lysine residues) to the COOH acid moiety of the SAM (Figure 2.1). To 
perform this coupling, surfaces were removed from the SAM solution, rinsed with 
absolute ethanol, dried with nitrogen and immersed in a solution of equal volumes of  
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Figure 2.1 Schematic of covalently immobilizing protein to a carboxylic acid-terminated 
SAM through NHS/EDC chemistry. 
FIGURE Schematic of using NHS and EDC to couple 
free amines on a protein to a carboxylic-acid 
terminated self assembled monolayer.
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0.4 M EDC and 0.1 M NHS in water for 30 min.  The activated surfaces were rinsed 
copiously with water and dried with nitrogen. 
Next, solutions of purified fibrinogen were deposited on both surfaces. The small size 
of the AFM probe ensures that only a few molecules are able to contact the substrate 
during force-curve acquisition. Therefore, the activity of the molecules immobilized on 
the probe must not be damaged by the thousands of measurements performed during the 
course of an experiment. On the other hand, the number of proteins available for 
measurement on the substrate is effectively unlimited. Since knob ‘A’ of fibrin has no 
secondary structure necessary for interactions with hole ‘a’, the protein containing knob 
‘A’ was always immobilized on the probe, while the protein containing hole ‘a’ was 
immobilized on the substrate. Unless otherwise noted, the protein on the probe was 
desAB-NDSK, a fragment containing the E region and short segments of the coiled-coils 
of fibrin and active knobs ‘A’ and ‘B’, and the protein on the substrate was recombinant 
fibrinogen (Figure 2.2). Since a relatively high density of protein on the probe is 
desirable, the probe was incubated in a solution of 0.15 mg/mL desAB-NDSK for 10 
min. However, the substrate was incubated in 0.15 mg/mL fibrinogen, diluted 1:1:2 with 
0.2 mg/mL bovine serum albumin (BSA) and HBS for 10 min. 
After the proteins were immobilized on the surfaces, it was necessary to block 
remaining active sites and wash away loosely adhered protein. To block active sites and 
begin to remove noncovalently-bound protein, the surfaces were immersed in the AFM 
buffer, which is HBSC (50 mM NaCl, 200 mM HEPES, 3 mM CaCl2) with both 
surfactant (0.1% Triton 100X) and excess BSA (2 mg/mL) for 10 min.  Next, the surfaces  
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Figure 2.2 Schematic of AFM experimental configuration. Space-filling models of fibrin 
fragment desAB-NDSK and fibrinogen colored by polypeptide chains: α (green), β 
(blue), and γ (red). The formation of ‘A–a’ bond is shown. The N-termini of the α chains 
do not appear in crystal structures, therefore the knobs ‘A’ are approximated (dashed 
line). N-termini of β chains and αC domains not shown. 
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were washed with alternating turns of a high-salt (50 mM HEPES, 1 M NaCl, pH 7.4) 
and low-pH (50 mM NaOAc, 300 mM NaCl, pH 4.0) buffer. 
 
2.4 AFM data acquisition and analysis 
2.4.1 Atomic force microscopy. All force measurements were made in AFM buffer 
using a Molecular Force Probe 3D from Asylum Research (Santa Barbara, CA) 
controlled with Igor Pro 5.03B (Wavemetrics; Lake Oswego, OR). The laser was aligned 
the probe cantilever and the spring constant measured via the thermal method after signal 
deflection stabilized. The spring constant was re-determined for each scan area prior to 
force curve collection, and the average value found for each tip was used in the force 
calculations and data analyses. Before force curve collection, the positive slope-relative 
trigger was lowered and the start distance determined manually. Parameters for force 
collection were varied between experiments, and are enumerated in each chapter. Force 
curves were collected over 5 × 5 µm2 square areas in 32 × 32 arrays for a total of 1024 
curves per 25 µm2.  
 
2.4.2 Data analysis. The data were analyzed using custom MatLab v. 7.1 
(MathWorks, Natick, MA) software.6 The software converts cantilever deflection versus 
linear voltage displacement transformer signal into restoring force versus tip-substrate 
separation using user inputted trigger and spring constant values. The force curves were 
then subjected to a filter that identified events as abrupt changes in tip deflection five 
standard deviations above baseline noise but less than 400 pN, and a tip-substrate 
separation between 10 and 200 nm. The force magnitude limits were imposed to exclude 
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activity associated with the noise and anomalous events with forces high in magnitude 
(comprising <1% of events).  The separation limits were chosen to include all feasible 
orientations of the 47 nm fibrinogen structure while eliminating possible nonspecific 
near-surface events. Only force curves with an overabundance of events (i.e, >5) were 
discarded. The force and tip-substrate separation of each event were utilized throughout 
the analyses. 
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Chapter 3: 
Complexity of ‘A–a’ knob–hole fibrin interaction revealed by AFM force 
spectroscopy 
 
 
3.1 Introduction 
 
The ability of soluble fibrinogen to be transformed into an insoluble polymerized 
fibrin clot enables fibrinogen to play a prominent role in hemostasis and wound healing. 
Fibrinogen, a 340 kDa plasma protein, has many biochemically active sites involved in 
this process. A schematic of whole fibrinogen and select fragments is shown in Figure 
3.1. To initiate fibrinogen polymerization, thrombin cleaves fibrinopeptides A (FpA) and 
B (FpB).1 The release of FpA exposes an ‘A’ knob that non-covalently interacts with a 
complementary hole ‘A’ in the γ module of another fibrinogen,2 as shown in Figure 3.1D. 
The ‘A–a’ knob–hole interactions support fibrin polymerization. Similar to FpA cleavage 
and ‘A–a’ interactions, the release of FpB exposes a ‘B’ knob that interacts with a 
complementary hole ‘B’ in the β module, further strengthening the fibrin polymer.3, 4 In 
addition to knob–hole interactions, other specific interactions that play a role in the 
assembly of fibrin clots include end-to-end (e.g., D–D interface, Figure 3.1C), γ module 
and β module lateral, and αC–αC interactions.2, 5, 6 However, knob–hole interactions 
remain the principle promoter of fibrin self-assembly and contributor to clot integrity; 
elimination of knob–hole interactions impairs fibrin formation and dissolves formed 
clots.3, 7  
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Figure 3.1 Schematic representation of all proteins used in AFM measurements, not to 
scale. (A) Fibrinogen molecule depicted with αC domains interacting with fibrinopeptide 
A and fibrinopeptide B. Disulfide bond connecting the N terminus of the Aα chains 
denoted as S-S. Locations of polymerization holes ‘A’ in γ module and ‘B’ in β module 
indicated by arrows. (B) Fragments consisting of the central part of fibrinogen (NDSK) 
and fibrin (desA- and desAB-NDSK) shown with both fibrinopeptides present (NDSK), 
FpA cleaved (desA-NDSK), and both fibrinopeptides cleaved (desAB-NDSK). (C) 
Polymerization holes-containing fragments D and DD. The location of DD interface 
containing interacting surfaces inaccessible to solvent is depicted by X in DD fragment. 
(D) Schematic representation of ‘A–a’ knob–hole interaction between desAB-NDSK 
(knob-containing molecule) and fibrinogen (hole-containing molecule). 
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Fibrin polymerization is a kinetically controlled process that results in the assembly 
of clots with a wide variety of structural and mechanical properties depending on pH, 
ionic strength, and protein concentration.8 The mechanism by which the same knob-hole 
interactions lead to the formation of clots with variable structural properties remains 
unclear. To better understand the structural properties of fibrin clots, it is first necessary 
to characterize the strength and mechanical properties of knob–hole interactions that 
occur between individual fibrin molecules. 
The field of force spectroscopy has evolved to the study of the mechanical behavior 
(e.g., force of specific interactions, unfolding and structural changes under applied force) 
of biomolecules.9 Weisel and co-workers have used laser tweezers force spectroscopy to 
investigate specific fibrin(ogen) interactions. Individual ‘A–a’ knob–hole interactions 
were detected between pedestals modified with desA- or desAB-fibrin and fibrinogen- or 
D fragment-modified latex beads. In addition to a low-force population attributed to 
nonspecific interactions, the forced dissociation of these interactions showed a single 
rupture event of ~125 pN in magnitude, near the upper limit of force magnitudes 
available to the laser tweezers technique.10 In subsequent work Weisel and coworkers 
employed variant fibrinogens and their fragments to reveal both ‘B–b’ and ‘A–b’ knob–
hole interactions11 and specific interactions between the N-terminus of the Bβ chain and 
the D, E, and αC regions of fibrinogen.12 Notably weaker than ‘A–a’ binding, these 
interactions exhibited a more complex pattern that was attributed to the rupture of 
multiple parallel interactions. Therefore, the rupture force distribution displayed several 
populations of forces. While the force magnitudes of the interactions between fibrinogen, 
fibrin or their fragments may provide insight into their role in fibrin formation, the 
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magnitude of the measured rupture force changes with loading rate. Consequently, an 
absolute force for the rupture of a specific bond does not exist.13, 14  
Due to the limit of applied force with laser tweezers, AFM has been utilized to 
investigate the mechanical behavior of fibrin(ogen) polymers upon extension. By using 
the tip of an AFM coupled to an inverted microscope as a manipulator, Liu et al. applied 
strong lateral forces on individual fibrin fibers and found that they have the ability to 
extend up to 330%,15 making fibrin the most extensible known biopolymer. The same 
group later showed a correlation between length of disordered tandem repeat region in 
the fibrin(ogen) αC domain and fiber extensibility.16 Weisel and coworkers used AFM to 
study fibrinogen oligomer stretching.17 By stretching the oligomers between a substrate 
and AFM probe, they observed a characteristic sawtooth pattern previously attributed to 
unfolding of individual domains in multi-domain proteins.18 The applied force of 
extension was hypothesized to initiate unfolding of the coiled-coil region linking the 
distal D regions and the central E region in fibrinogen molecule. Forced unfolding of the 
coiled-coil region of fibrin via both AFM and molecular dynamics simulations has been 
reported by Lim et al.19 However, unfolding of the coiled-coil cannot solely explain the 
astounding extensibility of fibrin fibers. Whether the elastic properties of fibrin are due to 
the extensibility of individual molecules or the structure of the fiber remains unclear.20, 21 
By revealing both the specific fibrin(ogen) interactions that hold clots together and the 
mechanical properties of the clots themselves, force spectroscopy has the potential to lead 
to a deeper understanding of fibrin’s role in hemostasis. 
In this work a method to study the mechanical behavior and rupture forces of specific 
fibrin-fibrin interactions under a single loading rate was developed using AFM combined 
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with fibrinogen variants and fragments. The approach allowed for the accurate 
measurement of specific fibrin(ogen) forces while eliminating nonspecific interactions. 
The ability to measure separation distances between molecules with great accuracy and 
higher forces with the AFM enabled an in depth analysis of the mechanical behavior 
defining the ‘A–a’ knob–hole interaction, providing crucial insight into the complexity of 
this interaction unobservable with laser tweezers.  
 
 
3.2 Materials and Methods  
3.2.1 Materials. The monoclonal antibody 4A5 (Mab 4A5) that recognizes γ-chain 
fragment γ402-411 was a generous gift from Dr. Gary Matsueda, Bristol-Meyers Squibb 
Pharmaceuticals, Princeton, NJ.22 The amide peptides GPRP and GHRP were synthesized 
by the Protein Chemistry Laboratory at the University of North Carolina at Chapel Hill 
(Chapel Hill, NC). 
 
3.2.2 Substrate surface preparation. The substrates and tips were modified for use 
throughout as described in Chapter 2. For experiments with adsorbed protein, a methyl-
terminated hydrophobic SAM was formed by immersing the gold-coated substrates in 
dodecanethiol (2 mM in absolute ethanol) overnight, the NHS/EDC incubation step was 
omitted, and a surfactant-free AFM buffer was used (20 mM HEPES, 150 mM NaCl, 3 
mM CaCl2, 2 mg/mL BSA, pH 7.4). 
 
3.2.3 Atomic force microscopy. The force measurements were acquired as described 
in Chapter 2. The parameters for force collection were 0.5 µm force distance, 5 nm 
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trigger, 1.8 µm/s tip velocity, and a sampling rate of 2 kHz, with a corresponding loading 
rate of 100 nN/s. At least force volumes were examined per substrate.  
 
3.2.4 Data analysis. The data were analyzed as described in Chapter 2. Only force 
curves with an overabundance of events (i.e, >5) were discarded; one such curve is 
illustrated in Figure 3.5B. The force and tip-substrate separation of each event were 
utilized throughout the analyses. To fully characterize fibrin-fibrin interactions, two 
methods of data analysis were employed. First, the force of each event from several 
pooled datasets was plotted as a histogram of either the number of events or probability 
versus force in 20 pN bins to study the distribution of rupture forces of interactions. 
Probability was determined as the ratio of the number of events in each bin over the total 
number of events. The most probable forces of interaction were determined by fitting 
histograms to a Gaussian model. The uncertainties in force magnitudes reported herein 
represent the half-widths of the Gaussian fits. Distributions with two apparent peaks were 
fit to two independent Gaussian models. Second, force curves including the characteristic 
pattern were further analyzed. The force of each event in the characteristic pattern from 
several pooled datasets was plotted against separation relative to a fixed event to analyze 
patterns in force and tip-substrate separation of a population of curves. Events with 
relative separation larger than the dimensions of fibrinogen (i.e., >50 nm) were 
considered outliers and not included in this analysis. Reported relative separations and 
force magnitudes found in this analysis and their uncertainties represent averages and 
standard deviations. 
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3.3 Results  
3.3.1 Substrate modification. The distribution of fibrinogen on the NHS/EDC 
activated substrates was examined by mapping the locations of covalently bound 
fibrinogen using a monoclonal anti-fibrinogen IgG, 4A5. The AFM tip was coated with 
4A5, which recognizes the last nine residues on the γ chain of fibrinogen. Force curves 
were acquired every 31 nm (Figure 3.2) over a 1 µm2 area. The distribution of events 
across the force map was random and uniform. Interactions were single events with the 
most probable force occurring at 80 ± 25 pN. (The distribution of forces is provided as 
Figure 3.3.) Of note, interactions between 4A5 and fibrinogen were specific as no 
interactions were observed when only BSA was immobilized on the substrate (data not 
shown). The antibody recognition studies demonstrated that fibrinogen was successfully 
adsorbed on the substrate during the immobilization procedure. The homogeneous 
distribution of fibrinogen suggested no protein aggregates on the substrate. 
 
3.3.2 Fibrin–fibrin rupture pattern. Previous force spectroscopy studies by Weisel 
and coworkers have shown that interactions between desAB-NDSK and fibrinogen 
closely mimic those between fibrin monomers.10 Therefore, desAB-NDSK and 
fibrinogen were used as a model for knob-hole interactions. Importantly, less than 15% of 
all contacts with the substrate resulted in a measurable interaction. The distribution of 
interaction forces between desAB-NDSK immobilized on the AFM tip and fibrinogen on 
the substrate is represented in Figure 3.4. In contrast to the single population of forces 
detected by laser tweezers,10 the force distribution measured herein was characterized by 
two populations of forces: low and high probability populations with most probable  
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Figure 3.2 Force map showing interactions between 4A5 immobilized on the AFM tip 
and fibrinogen immobilized on the substrate in a 1 × 1 µm square with force curves taken 
every 31 nm. The black squares represent contacts resulting in an interaction while the 
white squares represent contacts without interaction. Interactions are defined as an abrupt 
change in force >5 standard deviations of the baseline noise. 
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Figure 3.3 Distribution of observed forces between 4A5 and fibrinogen. Bin size = 20 
pN. 
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Figure 3.4 Distribution of forces observed between desAB-NDSK immobilized on the 
AFM tip and fibrinogen immobilized on the substrate. The uncertainties represent half-
widths at the half-maximum of the Gaussian fits. Bin size = 20 pN. 
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forces of 110 ± 34 and 224  31 pN, respectively The appearance of two distinct force 
distributions lead to a thorough examination of the individual events in the force curves. 
Among the force versus separation curves that resulted in interactions, three common 
rupture populations (1, 2, and 3) were identified. Population 1 (Figure 3.5A) included 
those force curves with only one event. Such force curves comprised ~25% of all the 
force curves with measurable events. A greater population of force curves (~62% of all 
force curves with events, population 2) was characterized by multiple forces as shown in 
Figure 3.5C. A notable feature of population 2 was a doublet of forces ~225 pN in 
magnitude, separated by ~8 nm. The doublet was often preceded or followed by an event 
of lower force. Finally, population 3 included force curves with an overabundance of 
force events (i.e., >4 distinct events) as shown in Figure 3.5B. Such force curves were 
discarded as they represented fewer than 10% of all force curves with events. 
Based on their regularity and abundance, population 2 was classified as the 
characteristic interaction between desAB-NDSK and fibrinogen. Each event in the 
characteristic force pattern was designated by its distance from the substrate, with the 
event preceding the doublet designated as event 1, the doublet as events 2 and 3, and the 
shoulder after the doublet as event 4, as illustrated in Figure 3.5C. Events 1 and 4 were 
similar in force magnitude and contributed to the low probability, low force population in 
the force distribution, while events 2 and 3 contributed to the high force population. 
When the force of each event in the characteristic pattern was plotted versus its tip-
substrate separation relative to event 2 (Figure 3.6), the consistency in both relative 
separation and force magnitude of these patterns was evident. The observed complexity 
stands in contrast to those obtained by laser tweezers, but such differences are likely a
! 
±
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Figure 3.5 Representative force curves showing prevalent patterns of rupture of 
interactions between desAB-NDSK (tip) and fibrinogen (substrate). (A) Single event, (B) 
discarded force curve, and (C) four types of curves identified as the characteristic pattern 
of rupture. All characteristic curves include the doublet of events above 200 pN. Event 
number is identified on each curve. 
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Figure 3.6 Plot of force versus separation relative to event 2 for all force curves showing 
the characteristic pattern of rupture between desAB-NDSK (tip) and fibrinogen 
(substrate).  
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result of differences in spatial resolution. In the work by Weisel et al, a 125 pN force 
spans more than half a micron in space. On that length scale, events separated by ten 
nanometers are not detectable. 
To confirm that desAB-NDSK and fibrinogen was a good model for studying fibrin 
monomer interactions, immobilized fibrinogen was activated (via thrombin to expose the 
‘A’ and ‘B’ polymerization knobs) on both the AFM tip and substrate. Indeed, the 
observed interactions between the fibrin monomers were remarkably similar to the 
rupture pattern observed with desAB-NDSK and fibrinogen. The interactions between 
fibrin monomers were characterized by a force distribution with two populations, and 
exhibited the characteristic rupture pattern when the relative separations and forces were 
plotted (Figure 3.7). The force and relative separation of the characteristic pattern for 
both desAB-NDSK–fibrinogen and fibrin–fibrin are provided in Table 3.1. Based on the 
strong agreement between the observed interactions, desAB-NDSK immobilized on the 
AFM tip and fibrinogen on the substrate proved to be an appropriate model for 
interactions between fibrin monomers.  
 
3.3.3 Specificity of observed interactions. AFM force spectroscopy studies are often 
plagued by nonspecific interactions, as many chemical and physical forces may occur 
between the tip and substrate.23 Three experiments were designed to verify that the 
observed interactions were specific to the knob-hole interaction of desAB-NDSK and 
fibrinogen. The force distributions of all specificity experiments appear in Figure 3.8.  
First, we verified that the interactions were dependent on the availability of knobs. 
When NDSK (no active knobs) was substituted for desAB-NDSK on the AFM tip, fewer
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Figure 3.7 (A) Distribution of forces (bin size = 20 pN) and (B) plot of force versus 
separation relative to event 2 for characteristic interactions between fibrin monomers on 
the tip and substrate. 
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Table 3.1 Summary of the force magnitude (F, in pN) and separation relative to event 2 
(ΔS, in nm) (average ± standard deviation) for each event in the characteristic pattern for 
every pair of fibrin(ogen) fragments and variants. Tip proteins were NDSK fragment 
unless otherwise noted. Substrate proteins are diluted 50% by mass with BSA unless 
otherwise noted. The number of curves with characteristic events, which are the only 
interactions subject to this analysis, is included under the “n” column. 
 
Tip 
protein Sub. Protein n Event 1 Event 2 Event 3 Event 4 
   F ΔS F ΔS F  ΔS  F  ΔS  
desAB Fgn 700 147  45 -11  12 220  36 n/a 233  33 8.6  5.7 100  19 18  5.7 
Fibrin Fibrin 507 160  64 -19  16 198  36 n/a 202  25 8.9  5.9 89 15 17  2.9 
desAB Adsorbed Fgn 638 138  38 -18  17 218  35 n/a 233  33 8.6  4.3 104  19 19  6.6 
desAB 5% Fgn 9 128  40 -19  18 213  47 n/a 225  51 7.2  1.4 98  23 18  1.8 
desAB 10% Fgn 24 119  17 -13  10 195  27 n/a 199  19 8.3  3.5 88  9.6 19  2.4 
desAB 25% Fgn 66 139  46 -13  8 207  36 n/a 216  35 8.9  2.1 85  16 16  22 
desAB D Frag 1228 198  75 -13  11 232  54 n/a 238  46 9.1  7.8 97  21 21  10 
desAB BβD432A 1223 158  53 -15  13 227  42 n/a 240  34 8.8  6.4 103  19 18  2.7 
desA Fgn 699 141  53 -16  12 198  36 n/a 204  31 8.2  5.0 86  16 18  2.9 
α chain Fgn 624 152  73 -23  18 204  40 n/a 210  35 9.4  9.6 92  15 18  5.6 
desAB DD Frag 372 182  67 -9.0  4.7 235  54 n/a 270  60 8.6  8.4 109  23 20  11 
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than 3% of contacts with the fibrinogen-coated substrate resulted in measurable 
interactions (data not shown). Additionally, when fibrinogen was immobilized on both 
the tip and the substrate, less than 1% of force curves contained an interaction. However, 
when the fibrinogen on the substrate was activated by thrombin, the instances of 
interactions increased with 5.5% of force curves containing events. Upon activation of 
the fibrinogen on the tip, the percentage of force curves with interactions rose to 30%.  
The availability of active holes was examined to determine their influence on the 
observed knob-hole interactions. Upon the addition of GPRP, a known blocking agent of 
hole ‘A’,24 the interactions between desAB-NDSK and fibrinogen were reduced by nearly 
90%. In addition, 16% of all contacts between desAB-NDSK and fibrinogen contained 
events, which fell to 2% when the buffer included GPRP. A variant fibrinogen, γD364H, 
lacking a functional hole ‘A’ was employed to examine the specificity of interactions 
between desAB-NDSK and fibrinogen. This variant has a single substitution of aspartate 
to histidine at residue 364 in the γ chain, thereby preventing ‘A–a’ interactions.25 As 
expected, the number of interactions decreased by 97% (to <1%) when γD364H 
fibrinogen was substituted for normal fibrinogen.  
 
3.3.4 Influence of immobilization method. Numerous studies have examined the 
influence of immobilization strategies on the biochemical activity of proteins,26 as 
interactions with surfaces are known to cause considerable structural changes. To 
determine if the covalent attachment of fibrinogen influences its mechanical behavior, 
thereby contributing to the characteristic pattern, fibrinogen was directly adsorbed to a 
hydrophobic surface. Since the interactions responsible for chemisorption (i.e., covalent 
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Figure 3.8 Distribution of forces showing specificity of interactions between tip and 
substrate modifications. Top: stepwise increase in number of interactions as fibrinogen 
knobs on each available surface are exposed. Bottom: interactions between desAB-
NDSK and fibrinogen (left) are entirely inhibited upon incubation with GPRP (middle), 
and no interactions are found between desAB-NDSK and γD364H (right). Each plot 
represents results from 3072 tip-substrate contacts. Bin size = 20 pN. 
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attachment) and physisorption (i.e., nonspecific adsorption) are markedly different, it is 
likely that fibrinogen immobilized via each method would exhibit different orientation or 
structural conformation. 
No difference in the occurrence or appearance of the characteristic rupture pattern of 
interactions between desAB-NDSK covalently bound to the AFM tip and either adsorbed 
or covalently bound fibrinogen was observed. When fibrinogen was nonspecifically 
adsorbed to the substrate, the resulting force distribution had two populations (Figure 
3.9A). Each event in the characteristic rupture pattern demonstrated remarkable regularity 
in both force magnitude and relative spacing similar to those observed for covalently 
bound fibrinogen (Table 3.1). As such, covalent anchoring of fibrinogen to the substrate 
did not influence the characteristic force pattern. 
 
3.3.5 Influence of multiple interacting molecules. Interactions between multiple 
protein(s) on the tip and the substrate are highly dependent on the spacing of the 
proteins.27 To examine the role of fibrinogen surface coverage on the characteristic 
rupture pattern, the amount of fibrinogen immobilized on the substrate was varied by 
changing the mass of fibrinogen in the immobilization solution from 5 to 50% (v/v, 
balance BSA). The percentage of force curves with measurable events decreased with 
less fibrinogen in solution (Figure 3.10), indicating the amount of fibrinogen immobilized 
on the substrate was proportional to the solution concentration of fibrinogen. However, 
the force distribution showed two populations regardless of fibrinogen surface coverage; 
the high force population had greater probability in each case, contrary to what would be 
expected if the higher force population were a result of interactions between multiple 
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Figure 3.9 (top) Distribution of forces (bin size = 20 pN) and (bottom) plot of force 
versus separation relative to event 2 for characteristic interactions between (A) desAB-
NDSK on the tip and fibrinogen nonspecifically adsorbed to the substrate, (B) desAB-
NDSK on the tip and BβD432A fibrinogen on the substrate, (C) desA-NDSK on the tip 
and fibrinogen on the substrate, (D) desAB-NDSK on the tip and D-fragment on the 
substrate, and (E) α chain on the tip and fibrinogen on the substrate. 
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Figure 3.10 Force maps with contacts made every 156 nm along a 5 × 5 µm area with 
desAB-NDSK on the tip and (A) 5%, (B) 10%, (C) 25%, and (D) 50% fibrinogen by 
mass in solution on the substrate. The black squares represent contacts resulting in an 
interaction, and the white squares represent contacts without an interaction. 
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molecular pairs. Furthermore, the characteristic rupture pattern was observed with 
identical force magnitudes and relative separation at each fibrinogen concentration (Table 
3.1), suggesting the characteristic rupture pattern represents interactions involving a 
single molecule on the substrate. Additionally, it is unlikely that the same number of 
proteins immobilized on each tip were available to interact with the substrate because of 
the limited area on the AFM tip. The characteristic pattern appeared reproducibly with 
each modified tip, suggesting the interactions involve a single molecule on the AFM tip.  
To further investigate the possibility of multiple pairs of molecules interacting 
between the tip and the substrate, the quantized force argument was considered. It has 
been well established that the force required to rupture multiple non-cooperative bonds 
does not add linearly.28, 29 Indeed, the force required to rupture tip-substrate interactions 
increases logarithmically with the number of bonds; the force of rupture for two identical 
parallel bonds would be 1.5 times the force required to rupture a single interaction. We 
determined the most probable forces were 110 
€ 
±  34 and 224 
€ 
±  31 pN, a difference of 
two-fold. If we assume the bonds rupture simultaneously (cooperatively), as would be 
required for the bonds to be linearly additive, then we would expect the width of the 
distribution of forces to be ~1.4 times greater for the two-bond population than the one-
bond population. Each population in the force distribution presented in Figure 3.4 has 
roughly equal half-width at half-maximum. Furthermore, simultaneous rupture of two 
bonds would most likely occur at similar tip-substrate separations as each bond 
individually. The plot in Figure 3.5 shows the bonds rupture at various tip-substrate 
separations in our system. Hence, it is unlikely that the two distinct force populations 
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arose from two similar interactions acting in parallel (e.g., two ‘A–a’ knob–hole bonds 
forming between the tip and the substrate).  
  
3.3.6 Influence of multiple interactions between a single pair of molecules. In the 
presence of ‘A’ and ‘B’ polymerization knobs (e.g., fibrin and desAB-NDSK) and holes 
‘A’ and ‘B’ (e.g., fibrinogen, D fragment, and DD fragment), the potential for ‘A–a,’ ‘B–
b,’ ‘A–b,’ and ‘B–a’ knob–hole interactions exists. The studies probing specific 
interactions using normal fibrinogen and γD364H variant fibrinogen showed active knobs 
and holes ‘A’ were necessary for the observed interactions. The interaction between 
desAB-NDSK and BβD432A fibrinogen was thus examined to determine the influence of 
‘A–b’ or ‘B–b’ knob–hole interactions on the characteristic rupture pattern. In BβD432A 
fibrinogen the 432nd residue in the Bβ chain is changed from an aspartic acid to an 
alanine, restricting the ability of the protein to bind the synthetic ‘B’ knob, GHRP (i.e., 
eliminating the function of hole ‘B’).30 When interactions between desAB-NDSK and 
BβD432A were compared to desAB-NDSK and normal fibrinogen, no significant 
difference was observed in the force distribution (Figure 3.9B). The characteristic pattern 
exhibited markedly similar forces and relative separations (Table 3.1). Thus, neither ‘A–
b’ nor ‘B–b’ knob–hole interactions contribute to the characteristic pattern between 
desAB-NDSK and fibrinogen as it exhibited no change upon hole ‘B’ inhibition. 
The interaction of desA-NDSK with fibrinogen was examined to assess the 
involvement of ‘B-a’ knob-hole interactions. DesA-NDSK retains FpB, and therefore 
only has an active ‘A’ knob. Similar to the results with BβD432A, differences between 
the interactions of desA- and desAB-NDSK with normal fibrinogen (i.e., consistent force 
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and relative separation) were not observed (Figure 3.9C). As such, the ‘B’ knob does not 
contribute to the characteristic pattern. 
In addition to knob-hole interactions, αC regions may specifically interact with 
regions of fibrinogen. To identify the influence of such interactions, the D fragment of 
fibrinogen was immobilized on the substrate. D fragment lacks both the αC and the 
central E regions, and is only one quarter of the mass of fibrinogen (Figure 3.1C). Upon 
interaction with desAB-NDSK modified tips, the characteristic force pattern consistent 
with desAB-NDSK-fibrinogen interactions was observed (Table 3.1). However, event 1 
of the characteristic pattern exhibited a broader force distribution for desAB-NDSK and 
D fragment interactions than between desAB-NDSK and fibrinogen (Figure 3.9D). 
Because the interactions between desAB-NDSK and D fragment were not markedly 
different than those between desAB-NDSK and fibrinogen, the αC module was ruled out 
as a contributor to the characteristic force pattern observed between desAB-NDSK and 
fibrinogen. 
 
 
3.3.7 Influence of structural deformation. To investigate the role of molecular 
deformation of the NDSK fragment in the characteristic pattern for fibrinogen and 
desAB-NDSK, the α chain of fibrin, representing the ‘A’ knob followed by the remaining 
591 amino acids in the sequence, was immobilized on the AFM tip in the same manner as 
the NDSK fragments above. In contrast to the highly-structured NDSK fragments, the 
polypeptide is unstructured with multiple conformations due to different intramolecular 
forces. Of note, the characteristic pattern was observed upon interaction between the α 
chain and fibrinogen, with spacing and force magnitudes similar to those observed with 
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desAB-NDSK and fibrinogen (Figure 3.9E). Structural deformations are thus not likely to 
be occurring within the molecule on the tip.  
In the presence of Factor XIIIa, a glutamine in the γ chain of the D region of one 
molecule is cross-linked to a lysine in the γ chain of D region of an adjacent fibrin 
molecule. This “DD fragment” is readily isolated upon digesting the cross-linked clot 
(Figure 3.1C). Since the two D regions are covalently linked and “fixed” in a position 
relative to one another, the D regions in the DD fragment are stabilized compared to the 
D regions in fibrinogen or D fragment alone. The DD fragment was thus employed to 
determine whether the complex rupture pattern resulted from changes in the structure of 
the molecule immobilized on the substrate. The interactions between desAB-NDSK and 
DD fragment exhibited markedly different rupture patterns compared to D fragment or 
fibrinogen. The interaction between desAB-NDSK and DD fragment was characterized 
by a single interaction in the majority (~60%) of force curves with events, resulting in a 
broad distribution of forces centered about 205 pN (Figure 3.11A). The characteristic 
pattern appeared in less than 30% of all interactions between desAB-NDSK and the DD 
fragment, compared to greater than 40% of all other protein combinations (Table 3.2). 
Furthermore, the fourth rupture event was observed in only 12% of the characteristic 
interactions between desAB-NDSK and the DD fragment (Figure 3.11B), compared to 
greater than 40% with all other protein pairs, indicating that the reinforced structure of 
the DD fragment alters the behavior of the molecule upon extension. 
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Figure 3.11 (A) Distribution of forces and (B) plot of force versus separation relative to 
event 2 for characteristic patterns for interactions between desAB-NDSK (tip) and the 
DD fragment (substrate). Note the histogram is not biphasic, but rather has a wide 
distribution of forces. The characteristic patterns seen with the DD fragment exhibit 
events 1 and 4 less commonly than any other protein pair. 
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Table 3.2. Percentage of interactions that were characteristic (# Characteristic / Total # of 
curves with events * 100) 
 
Tip Protein Substrate Protein Percentage 
desAB-NDSK Fibrinogen 62 
Fibrin Fibrin 56 
desAB-NDSK Adsorbed fibrinogen 51 
desAB-NDSK D fragment 42 
desAB-NDSK BβD432A 65 
desA-NDSK Fibrinogen 50 
α chain Fibrinogen 52 
desAB-NDSK DD fragment 29 
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3.4 Discussion  
While the specific rupture pattern was characteristic of desAB-NDSK–fibrinogen 
interactions, multiple force events are not uncommon in protein-protein force studies. 
Previous reports have attributed the occurrence of multiple events to the collective effects 
of simultaneous interactions31-33 or to deformation of the interacting molecules.18, 34 In the 
case of simultaneous interactions, each event can be attributed to the rupture of an 
individual intermolecular bond, which allows the AFM cantilever to relax momentarily. 
The bonds may occur between several pairs of interacting molecules on the tip and 
substrate, or may involve multiple interactions between a single pair of molecules. 
Protein concentration and immobilization strategy, availability of interaction sites, and 
mechanical properties of the interacting molecules all contribute to the complexity 
observed in force curves representing the rupture of multiple parallel bonds. The 
regularity of relative separation and force magnitude observed in the characteristic fibrin-
fibrin pattern has not been reported for interactions between multiple interacting 
molecular pairs. In structural deformation studies, each event is attributed to a sudden 
change in conformation of individual macromolecular domains, resulting in the 
lengthening of the molecule and relaxation of the cantilever. Such intramolecular 
extension phenomena have a high degree of regularity between events in force magnitude 
and tip-substrate separation.3  
By varying the surface coverage of fibrinogen and the method of immobilization, it 
was shown that the characteristic pattern was not a manifestation of the experimental 
method (i.e., immobilization strategy or over-crowding of molecules leading to 
interactions between multiple molecules). This conclusion suggested that the 
 94 
characteristic pattern arose from the complexity of the interactions between a single 
interacting pair of molecules. Next, by employing fibrinogen fragments and variants, 
each of the known interactions between fibrin monomers was eliminated to investigate its 
contribution to the characteristic force pattern of ‘A–a’ knob–hole rupture. The data 
suggested that the ‘A–a’ knob–hole interaction was singularly, specifically responsible 
for the complex rupture pattern observed. Because the ‘A–a’ knob–hole bond was the 
sole tether connecting the tip and the substrate, we attributed only the last event in each 
force curve to the rupture of this interaction. Preceding force events may have been the 
result of a stepwise lengthening (i.e., deformation) of fibrinogen when the ‘A–a’ knob–
hole interaction is extended.  
Since intermolecular fibrinogen–fibrinogen interactions did not contribute to the 
characteristic rupture pattern, the role of fibrinogen’s structure was examined. Previous 
reports have probed the mechanical properties of proteins using AFM.34-39 The extension 
of proteins prior to bond rupture has been approximated by a number of models including 
the worm-like35 and freely-jointed26 chains, although deviations from such ideal polymer 
models have also been reported.26, 40 Indeed, the interactions involved in maintaining 
protein structure may lead to complex unfolding behavior in response to an applied force. 
The scale of molecular rearrangement dictates the features observed in the force curves. 
Rearrangement of large protein domains have appeared as sharply resolved ruptures,35 
while changes in the bond angle have been noted as smooth shoulder-like deviations from 
polymer extension models.34  
To probe the contributions of the structures of the E and D regions of fibrinogen, the 
unstructured α chain and DD fragment were used, respectively. Interactions involving the 
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α chain, which contains knob ‘A’ but no secondary- or tertiary structure, were identical 
to those with desAB-NDSK, indicating that the structure of the E region was not involved 
in the characteristic pattern. Previous studies have shown that when D regions are cross-
linked by Factor XIIIa, an interface is formed with three hydrogen bonds that stabilize the 
complex.41 Crystallographic studies have revealed a modest structural difference in the γ 
modules of D and DD fragments.42 Both the structural differences and interfacial 
interactions between D regions in the DD fragment likely alter the biomolecular 
mechanics relative to fibrinogen or the D fragment. The changes in the rupture pattern 
may result from the altered environment of the D region upon ligation. Therefore, the 
characteristic pattern likely represents deformation of the D region. 
Deformation of the D region may account for the slight variability in the 
characteristic pattern as proteins have complex intramolecular interactions with multiple 
energy states. It is reasonable to assume that not every extension will result in an identical 
deformative pattern. The energy landscape is highly dependent on the direction of force 
application.43 Because the molecular orientation is random in our immobilization method, 
the direction from which the D region is extended may vary greatly within a dataset. The 
occurrence of each event may signify the energetic state of each structural element 
available for deformation or the direction from which it was pulled. Minute structural 
differences or available orientations between protein fragments and native fibrinogen 
may both broaden the distribution of rupture forces or result in ruptures without any 
deformation events. As mentioned above, the rupture of the ‘A–a’ knob–hole interaction 
must be the last event in each force curve because it is the only connection between the 
tip and the substrate during an interaction. Depending on molecular energetics, the 
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rupture of ‘A–a’ appeared as the third or fourth rupture (event 3 or 4, Fig. 3.5C) in 
different force curves and at two distinct force magnitudes. We hypothesize that the 
deformation of the D region of fibrinogen upon extension compromised the structure of 
hole ‘A’, influencing the strength of the ‘A–a’ knob–hole interaction. The ‘A–a’ rupture 
force then varies depending on the extent of deformation in a given extension.  
Weisel and coworkers have proposed that the coiled-coil connecting the central E 
region and distal D regions unfolds under applied force.17 We do not expect that this 
mechanism is responsible for any events in the characteristic rupture pattern as 
interactions between desAB-NDSK and fibrinogen or the D fragment (with its coiled-coil 
less than half the size of normal fibrinogen’s) demonstrate remarkably similar results. 
Furthermore, the structural reinforcement upon ligation of the D region in the DD 
fragment likely has short-range consequences that likely do not influence the behavior of 
the coiled-coil, so differences in the characteristic pattern between D and DD fragments 
likely don’t involve the coiled-coil. While the exact nature of the structural deformations 
remains unclear, this work was the first to report molecular deformation in fibrinogen 
upon the rupture of ‘A–a’ interactions.  Further characterization of the forced rupture of 
the ‘A–a’ bonds may provide insight into the mechanical properties of fibrin fibers held 
together predominantly via these interactions.   
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Chapter 4: 
Kinetics of the multi-step rupture of fibrin ‘A–a’ polymerization interactions 
measured using AFM 
 
4.1 Introduction 
The fibrin polymer possesses unique mechanical properties that allow it to function in 
the flowing environment of blood; comprehensive reviews of mechanical properties of 
fibrin polymers can be found elsewhere.1-3 The response of the fibrin clot to mechanical 
force has been thought to be dependent on its architecture and on bending of individual 
fibers,4 although changes in structure of individual molecules have also been implicated.4-
6 Several complimentary mechanisms involving different regions of the fibrin molecule 
have been proposed to account for the extensibility and elasticity of fibrin fibers 
including full unfolding of a coiled-coil region,7, 8 partial unfolding of a D region,2, 9 and 
extension of disordered repeat regions.10 Since the fibrin network serves as the structural 
scaffold of a blood clot, it must routinely withstand the mechanical stresses associated 
with blood flow. The mechanical nature of the fibrin polymer motivates research aimed at 
understanding how each element of the supramolecular assembly responds to external 
forces. Therefore, both monomeric restructuring and the effects of force on 
intermolecular bonds should be examined.  
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In the previous chapter, we showed that the rupture of the ‘A–a’ interaction resulted 
in a complex rupture pattern that was present in a majority of interactions (Figure 4.1). 
Furthermore, we found this interaction to be highly specific to the ‘A–a’ knob–hole bond, 
as the activity of both the knob and the hole were crucial. None of the other known 
fibrin(ogen) interactions contributed to the characteristic pattern, nor did the structure of 
the E region or coiled-coil domains. The ‘A–a’ knob–hole interactions are the focus of 
the work presented in this chapter because they are the most critical intermolecular 
interaction participating in the assembly of the fibrin polymer, as they initiate fibrin 
formation, ensure proper alignment of fibrin monomers and influence the final polymer 
structure.  
In this work, in an attempt to gain molecular-level understanding about mechanism of 
forced dissociation of ‘A–a’ bond, several single molecule force spectroscopy analysis 
techniques were utilized. First, the probability distributions of rupture forces were 
examined to understand the configuration of the bonds broken in each event. The 
extension of the protein prior to each event was then modeled as a freely jointed chain to 
obtain the changes in contour length after each event. Last, the kinetic parameters of each 
event were obtained using models from the arsenal of force spectroscopy techniques. Our 
data provide insight into the molecular mechanism of forced dissociation of the ‘A–a’ 
interaction and considerable extension of D region under pulling force, and may further 
aid in elucidating the molecular mechanisms contributing to the mechanical properties of 
fibrin clots. 
 
4.2 Materials and Methods 
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Figure 4.1 Force curves (restoring force in pN versus tip-substrate separation in nm) 
containing characteristic pattern of fibrin ‘A–a’ knob–hole forced dissociation. Four 
types of characteristic patterns were identified: doublet (A), doublet with preceding event 
(B), doublet with following event (C), and doublet with both preceding and following 
events (D). Event numbers are indicated. Linear approximation of slope prior to one 
event as used for loading rate calculation is shown as dashed grey line (the line is slightly 
offset for clarity). 
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4.2.1 AFM experiments. All surfaces for AFM experiments were prepared as 
described in Chapter 2. To vary the loading rate applied to the ‘A-a’ bond, each of the 
four cantilevers on the DNP-S chip was used, with measured spring constants ranging 
from 45 to 240 pN/nm. In addition, the velocity of probe withdrawal was varied from 500 
to 2000 nm/s, while the data sampling frequency was varied with velocity to maintain 
data density of 3 points per nanometer. With each combination of spring constant and 
retraction velocity, scans (32 × 32 arrays) consisting of 1024 force curves over at least 
three different 5 × 5 µm2 surface areas were acquired.  
 
4.2.2 Data analysis. Custom software written in MatLab v. 7.1 (MathWorks, Natick, 
MA) was used to analyze all data. The software first converted the cantilever deflection 
versus linear voltage displacement transformer (LVDT) signal into restoring force versus 
tip-substrate separation. Force events were then identified according to user-inputted 
filter criteria, approximately 48% of all curves collected were identified as containing 
events. Since the focus of this study was the characteristic pattern of rupture of the fibrin 
‘A-a’ bond,9 curves not exhibiting this feature were excluded from the analysis. Curves 
containing the characteristic pattern were selected using multiple filters. To determine 
which force curves to include in final analysis, the data set was filtered both manually 
and automatically. The data set was first analyzed with an automatic filter to identify 
force curves that included an interaction between the molecules on the tip and the 
substrate. In these experiments, an interaction was defined by the appearance of a rupture 
event (i.e., a sudden relaxation of pulling force with change greater than 5 times the 
standard deviation of the baseline noise). Such events were required to occur with a tip-
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substrate separation between 10 to 200 nm. These limits were chosen based on the length 
of fibrinogen (45 nm). Of note, extending this range did not change the force probability 
distributions. Based on this filter, 48% of force curves collected contained a rupture event 
and therefore an interaction between the molecules on the tip and substrate. 
To be considered for analysis, the force curves had to contain the characteristic 
pattern of bond rupture. The criteria defining this pattern, which were established 
empirically, were: each curve had to possess two consecutive events (i.e., a doublet) with 
magnitudes differing by less than 50 pN. A preceding event of any magnitude and/or a 
following event more than 75 pN less than the magnitude of the first event of the doublet 
was also acceptable. The filter criteria were optimized to include the expected low-force 
tails in the force probability distributions and to restrict scatter in the force versus relative 
separation plots, eliminating ~56% of curves exhibiting some rupture events.  
The remaining curves were subjected to a secondary manual filter to eliminate non-
characteristic force curves. Since the automatic filter did not include requirements for 
relative separations, some of the curves identified as characteristic had 
uncharacteristically large relative separations (>30 nm) between events. Such curves 
represented <20% of the remaining force curves and were identified and eliminated by 
hand. Examples of curves eliminated by both the automatic and manual filters are given 
below (Figure 4.3). The number of curves analyzed herein was 6555.  
As all interactions, both excluded and included in analysis, were able to be eliminated 
using competitive inhibition of the ‘A–a’ interaction,9 the excluded curves likely 
represent heterogeneity in the rupture of the ‘A–a’ bond and will be a subject for future 
examination. Heterogeneity in the ‘A-a’ interaction is most likely due to differences in 
 106 
orientation of the surface-bound protein; indeed, pull direction has been shown to be a 
significant parameter in forced protein unfolding.11 
After selection, the force curves were divided into four types: curves with just the 
doublet (type A), curves with the doublet and a preceding event (type B), curves with the 
doublet and a following event (type C), and curves with all four events (type D) (Figure 
4.1). No analyses performed herein found that the behavior of any of the rupture events 
were dependent on force curve type. Therefore, the data presented represents the average 
behavior, weighted by the standard deviation. The force and tip-surface separation at 
rupture, and loading rate of each event were extracted from the data and used for 
subsequent analysis. The loading rate was approximated from the slope of a line just prior 
to each event in the force curve (dashed line in Figure 4.1). 
Examples of force curves not exhibiting the characteristic pattern are shown in Figure 
4.2. Approximately 36% of force curves exhibiting events contained the characteristic 
pattern, and were included in the subsequent analysis. Four force curve types were 
individually examined: those with just the doublet of events, with the doublet and 
preceding event, with the doublet and following event, and with all four events. Neither 
the kinetic parameters nor the polymeric lengths for each event were found to be 
dependent on curve type. The numbers generated from each analysis method were 
averaged over all curve types, weighted by their respective errors.12  
Each force curve was modeled as a freely jointed chain (FJC) to extract the Kuhn 
length and contour length of the region of the protein that lengthened by external force. 
The extension under force of a polymer approximated by the FJC model is described by  
*( ) ( )BF k T a L R=   (4.1) 
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Figure 4.2 Representative force curves not containing the characteristic pattern that were 
eliminated (A) automatically and (B) manually as described above. The automatic filter 
excludes curves with an overabundance of events (top), single events (middle), and 
curves that don’t fit the above definitions (bottom). The manual filter identified non-
characteristic curves that passed the automatic filter but had events that were too far apart 
to be characteristic. These often include a doublet of events. 
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where a is the Kuhn length, kBT is the thermal energy, R is the extension ratio (current 
end-to-end distance divided by the contour length), and L*(R) = y is the inverse Langevin 
function (the Langevin function is L(y) = coth(y)-1/y). The current end-to-end distance 
was considered equal to the measured tip-substrate separation. The approximate closed-
form function L*(R) = (1-R)-1+(1-R)2 was used in the analysis.13 Each event in each curve 
was fit with this model using the least-squares regression analysis and allowing the Kuhn 
length, contour length, extension at rupture (i.e. length of the protein at the bond rupture), 
and slope from the rupture point to the baseline (i.e. rate at which the AFM probe returns 
to the zero deflection baseline, a constant determined by the spring constant of and 
viscous drag on the cantilever) to vary.  
To examine whether each event represented extension occurring in series or parallel 
with another event, the extensions were modeled as either individual, independent 
functions (in the case of series) or sums of functions (in the case of parallel), as described 
below (see also Figure 4.3).14 Once the curve was fit, the Kuhn length, contour length, 
rupture force and position were recorded. The contour length and Kuhn length 
distributions were binned in 5 and 0.05 nm bins, respectively, and fit with Gaussian 
functions. The changes in contour length presented in Table 4.1 and the Kuhn lengths 
presented in Table 4.2 represent the averaged positions of the Gaussian fits for each event 
over all curve types, weighted by their respective standard deviations, as described above. 
If a distribution could not be fit with one Gaussian function with a positive position, it 
was fit with two Gaussian functions. The elastic energy stored in the molecule at rupture 
was calculated for each event in each curve using G = FK×L×[ln(F/FK)-
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ln(4π×sinh(F/FK))], where L is the contour length and FK = kBT/a.15 The resulting 
energies were binned in 200 kBT bins and fit with Gaussian functions. 
To examine the energy landscape of each event, a method introduced by Dudko et. al 
was employed.16 This method was chosen due to its ability to present force-spectroscopy 
data as dissociation rate (koff) dependence on constant pulling force F. Such data 
representation is independent of loading rate, which may vary between and within 
experiments. Moreover, this approach automatically accounts for tether stiffening that 
might affect the extracted kinetic parameters.17 First, the force and loading rate 
distributions of each event in each curve type were converted into dissociation rate as a 
function of force by 
( ) ( )( )
( ') '
off
F
p F F Fk F
p F dF
∞=
∫

, (4.2) 
where p(F) is the normalized probability distribution and F  is the loading rate (dF/dt). 
The data analysis was performed using a finite-difference version of Equation 4.2 and 
force bins of 10 pN. Changing the bin size by two-fold did not change the results 
significantly. The loading rate F associated with each force bin was defined as the 
median of the loading rate of the events with forces in the corresponding bin. The median 
loading rate was chosen to reduce the effect of outliers in the distribution. Results from 
different experiments (n = 18) were averaged, and the error in the dissociation rate was 
found as the error of the mean.12  
Because the log(koff(F)) vs. F trends for each event were curved, the Bell-Evans 
model was inadequate to extract information about the energy landscape of each 
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rupture.18, 19 Therefore, we used the model derived by Dudko et. al 20 that predicts a non-
exponential dependence of dissociation rate on applied force:  
1 11‡ ‡
‡
off off ‡ ‡( ) (0) 1 exp 1 1
Fx Fxk F k G
G G
ν νν ν
β
−        = − Δ − −    Δ Δ       
  (4.3) 
where koff(0) is the zero-force dissociation rate, ν is a scaling factor related to the shape of 
the energy well, x‡ is the characteristic distance between the equilibrium state and the 
transition state at zero force, ΔG‡ is the apparent activation free energy of the bond, and β 
= (kBT)-1.20 A paraboloidal potential with a cusp-like energy barrier (ν = ½) was assumed 
for all fits. The errors in the fit of each parameter were found with a covariance matrix.12  
 
4.3 Results 
4.3.1 Force probability distribution. Since each “event” in a force curve represents 
some rupture on a molecular scale, the characteristic force curve shows that multiple 
inter- and/or intramolecular bonds are ruptured prior to final ‘A-a’ dissociation. The 
shape of the rupture force distribution of each event was used as a tool to determine the 
configuration of the bonds broken. The distribution of the force required to rupture a 
single bond has a typical shape (i.e., a single peak with a relatively long low force tail and 
a sharper drop-off at high forces).21 If an event has a rupture force distribution exhibiting 
this shape, it most likely represents the rupture of a single bond. 
We consider three possible arrangements of multiple interactions subjected to 
external force: in parallel, in series, or in a zipper configuration (Figure 4.3). In a parallel 
configuration, the interactions share the load. In a series configuration, each interaction 
experiences the full load simultaneously. In a zipper configuration the interactions are  
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Figure 4.3 (Left) Schematic of parallel, series, and zipper bond configurations. The force 
experienced by each interaction (F1 represents the first bond to rupture, while F2 
represents the second bond to rupture), relative to total applied force (F), is indicated. 
(Right) Hypothetical force curves for each configuration are illustrated. The total applied 
force (–), F1 (··) and F2 (--) are shown. Select changes in restoring force in the force 
curves that correlate with the changes in force applied to each bond are indicated. 
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arranged such that one interaction protects another from rupture; either one or both of the 
interactions may experience the full load. Therefore, bonds in series and zipper 
configurations will have rupture force distributions typical of a single bond while bonds 
in parallel will not. 
For comparison, Figure 4.4 shows the rupture force distributions of each event in the 
characteristic pattern of ‘A–a’ bond rupture of a representative experiment. The force 
magnitude of event 1 was most variable between experiments, suggesting that it may be 
in parallel with event 2. However, the experimental variation in the rupture force 
distribution of event 1 made this analysis inconclusive. The shapes of the rupture force 
distributions of events 2–4 were characteristic of single bond ruptures. These results 
indicated that events 2–4 represented the rupture of bonds loaded in a series or zipper 
configuration, while there was not enough information to determine the configuration of 
event 1. 
For bonds in series, the weakest bond will break first, and bonds with approximately 
equal strength will have similar chances of first rupture. Bonds in a zipper configuration 
will always break in the same order. Events 2 and 3 were of the same force magnitude; 
however, they were followed by different changes in the length of the protein, indicating 
that they always occurred in the same order. Therefore, it is likely that these events were 
arranged in a zipper configuration. Since the rupture force of event 4 was much less than 
the previous events, it was also most likely in a zipper configuration. 
 
4.3.2 Polymer modeling. To examine the polymeric extension of the protein at each 
event, the characteristic force curves were fit with the freely jointed chain (FJC) model. 
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Figure 4.4 Probability distributions of the rupture forces of a representative experiment 
with tip retraction velocity of 1 µm/s and cantilever stiffness of 55 pN/nm. 
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Since the rupture force distribution of event 1 did not clearly define whether it occurred 
in series/zipper or in parallel with event 2, both cases were examined. Interestingly, event 
1 could be fit with either model (Figure 4.5). The contour length (i.e., end-to-end length 
of a fully extended protein) and Kuhn length (i.e., length of structural elements of the 
protein) of fibrinogen at each event were considered. The initial contour length was on 
the order of the molecular scale. However, our method of immobilization resulted in the 
protein attached at random orientation, causing large deviations in initial contour length 
(for examples see Figure 4.1). The changes in contour length after each event (ΔL) are 
shown in Table 4.1. Figures 4.6 and 4.7 show the distributions and Gaussian fits of the 
contour length and Kuhn length parameters. The Kuhn length of each event is given in 
Table 4.2.  
When the tip-substrate separation of each event relative to event 2 (i.e., relative 
separation) was plotted versus force, a characteristic fingerprint of the forced dissociation 
of fibrin(ogen) ‘A–a’ interaction was apparent (Figure 4.8A). Figures 4.8B and C show 
plots constructed with the force and FJC contour lengths obtained with event 1 in parallel 
and in series with event 2, respectively. All events formed recognizable clusters when 
events 1 and 2 were in parallel, but event 1 was ill-defined when events 1 and 2 were 
modeled in series. This indicated that events 1 and 2 most likely occur in a parallel 
configuration.  
 
4.3.3 Kinetic parameters. To examine the kinetic parameters of each event, the 
methodology suggested by Dudko et al. was employed.16, 20 The koff(F) trends of each 
event are shown in Figure 4.9. Since the characteristic pattern does not always include all 
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Figure 4.5 Representative four-event characteristic pattern force curve (circles) fit with 
the freely jointed chain model (lines). Least-squares fits with event 1 in parallel (grey) 
and in series (black) with event 2 are shown. Events 2–4 were always fit as in a series 
configuration. 
 116 
 
Table 4.1 Increases in contour lengths obtained with events 1 and 2 in parallel (Par) and 
series (Ser). Values represent averages of all curve types, weighted by the associated 
standard deviation. Errors represent the propagated standard deviation of each fitted 
parameter over n > 1000 force curves. Two values are given for populations that could 
not be fit with one Gaussian distribution centered at a positive value.  
 
Model ΔL1 (nm) ΔL2 (nm) ΔL3 (nm) 
Par 11 ± 6 6 ± 2 17 ± 6 
Ser 3 ± 5, 36 ± 16 6 ± 2 16 ± 5 
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Figure 4.6 Probability distributions and Gaussian fits of the initial contour length and 
increases in contour length for each event in each curve type as modeled with events 1 
and 2 in (A) parallel and (B) series. Bin size = 5 nm. Each row corresponds to a curve 
type: curves with events 2–3 (top row), curves with events 1–3 (second row), curves with 
events 2–4 (third row), and curves with all four events (last row). Since there were not 
large differences in the increase in contour length based on curve type, the values 
presented in Table 1 represent the averaged position and standard deviation of each fit for 
the increases in contour length after each event, weighted by the standard deviation. 
Since they aren’t characterized by an identifiable pattern, the initial contour lengths are 
omitted from Table 1.  
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Figure 4.7 Probability distributions and Gaussian fits of Kuhn length for each event in 
each curve type as modeled with events 1 and 2 in (A) parallel and (B) series. Bin size = 
0.05 nm. Each row corresponds to a curve type; the curve type corresponds to the events 
included in that row (e.g., the top row includes all curves that just exhibited events 2 and 
3). Since there were no large differences in the values gained for each curve type, the 
values presented in Table 4.2 represent the averaged position and standard deviation of 
each fit for the Kuhn length of each event, weighted by the standard deviation.  
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Table 4.2 Kuhn lengths (in nm) obtained from fitting the force curves with the FJC 
model with events 1 and 2 in parallel (Par) and series (Ser). Values represent averages of 
all curve types, weighted by the associated standard deviation. Errors represent the 
propagated standard deviation of each fitted parameter over n > 1000 force curves. 
 
Model Event 1 Event 2 Event 3 Event 4 
Par 1.5 ± 1 0.19 ± 0.03 0.20 ± 0.02 0.30 ± 0.06 
Ser 0.11 ± 0.03 0.18 ± 0.03 0.19 ± 0.02 0.30 ± 0.05 
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Figure 4.8 Characteristic force patterns of the rupture of interaction between fibrinogen 
and desAB-NDSK, where the rupture force is plotted versus (A) relative separation; 
relative contour length extracted from FJC fitted curves with events 1 and 2 modeled (B) 
in parallel (C) in series or zipper. 
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Figure 4.9 Dissociation rates as a function of force for (A) each event as they occur in 
curves with just events 2 and 3 (), events 1–3 (), events 2–4 (*), and all four events 
() as identified in Figure 4.1, error bars represent error of the mean between 
experiments; and (B) each event with curve types averaged and weighted by error 
(circles) and fit with Equation 4.3 (line). 
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four events, the dependence of each event’s kinetic parameters on the presence of other 
events was examined. The events are apparently independent, as the difference in the 
“force spectra” between the curve types containing different number of events was less 
than the variation between experiments (Figure 4.9A). However, curves with all four 
events tended to have larger experimental error and were more scattered than other curve 
types. Such behavior was likely due to the relatively low population of this set, 
constituting approximately 5% of the curves with characteristic pattern of events. Also, 
events 2 and 3 were characterized by fewer data points at low forces in the presence of 
event 4 than in curves without event 4. Although we attribute this to the filter criterion 
that required events 2 and 3 to be at least 75 pN greater than event 4, this result did not 
affect the averaged koff(F) dependencies of these events. 
The averaged koff(F) dependencies were fit with Equation 4.3 using a least-squares 
regression (Figure 4.9B). Event 1 resulted in the fit with the largest root-mean-square 
deviation from the data. The fit in the mid-force region was good for each event, but 
deviated from the data at high- and low-force extremes. The low-force deviation was 
most likely due to lack of instrumental sensitivity in this regime. The high-force deviation 
was attributable to breakdown of the model employed when the applied force approached 
the critical force Fc = ΔG‡/(νx‡), where the energy barrier disappears. The Fc value 
calculated for each event (Table 4.3) was greater in magnitude than the majority of 
interactions observed, indicating that this model was appropriate for the force range of 
each interaction. The resulting kinetic parameters koff(0), x‡, and ΔG‡, each of which was 
fit independently, are provided in Table 4.3. The resulting errors were not symmetric  
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Table 4.3 Kinetic parameters for the forced dissociation of the ‘A–a’ interaction  
 koff(0) (s-1) x‡ (nm) ΔG‡ (kBT) Fc (pN) 
Event 1 3.5 ± (3.7,2.4) 0.21 ± (0.26,0.08) 10.1 ± (5.6,1.6) 400 
Event 2 0.015 ± (0.005,0.008) 0.41 ± (0.01,0.02) 17.3 ± (0.5,0.5) 350 
Event 3 0.003 ± (0.001,0.002) 0.46 ± (0.04,0.01) 19.1 ± (1.1,0.3) 340 
Event 4 0.27 ± (0.05,0.007) 0.57 ± (0.01,0.01) 11.7 ± (0.1,0.3) 170 
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about the fit values; the first value corresponds to the negative error and the second value 
corresponds to the positive error.  
 
4.4 Discussion 
The shape of the distribution of rupture forces for each event was examined to 
determine the configuration of the interactions broken at each instance (examples of 
considered configurations are shown in Figure 4.3). While it was not possible to 
determine the configuration of the bonds broken in event 1 when using this analysis, the 
rupture force distributions of events 2–4 indicated that they were either in a zipper or 
series configuration. Of note, the shapes of the rupture force distribution for events 2–4 
are indicative of single bond ruptures; this result lends credence to the previous 
conclusion that the characteristic pattern represents the rupture of an interaction between 
a single pair of molecules. The invariable order of the last 3 events suggested that they 
were in a zipper configuration. By comparing the FJC model of events 1 and 2 when 
modeled in parallel and series, it became clear that event 1 likely represents extension of 
a structure parallel to event 2 (Figure 4.8). The source of this parallel interaction remains 
unclear.  
The initial contour length of the protein tether between the tip and substrate varied 
widely (data not shown), but was on the order of the length of fibrinogen and the desAB-
NDSK fragment (~45 nm and ~10 nm in crystal structures, respectively). This dimension 
suggests that fibrinogen was often immobilized such that most of the molecule was 
available to extend in attempts exhibiting the characteristic event pattern. The increases 
in contour length after events 2 and 3 were ~7 and 16 nm, respectively, for a total 
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increase in contour length of ~23 nm. Completely unfolding the globular region 
containing the hole (the γ module) would contribute ~38 nm increase in contour length. 
This dimension excludes disulfide loops and loops associated with binding the knobs, and 
assumes the native length of this region is 2.4 nm and individual peptides have a length 
of 0.35 nm. Therefore an extension of 23 nm may reasonably be attributed to unfolding 
of portions of the γ module. Elastic energy stored by stretching the entire protein 
molecule prior to bond rupture can be estimated using parameters of the FJC model. 
Stored energy is approximately 130, 1900, 2300 and 970 kBT for events 1, 2, 3 and 4, 
respectively (Figure 4.10). The stored elastic energy biases the energy landscape such 
that the bound species are in a metastable state. This stored energy is much larger than 
the energy barriers to dissociation of each event (Table 4.3). As can be seen from the 
sample force curves (Figure 4.1) relaxation of elastic energy stored in the extended 
protein after each rupture is only partial. However, the magnitude of this relaxation is 
significant, making bond reformation unlikely. Therefore the force-driven bond ruptures 
are likely irreversible in experiments when the tip-sample separation is monotonically 
increasing.  
The kinetic parameters of events 2 and 3 are similar to the kinetic parameters of 
proteins unfolding by force.22, 23 This observation substantiates the hypothesis that events 
2 and 3 represent unfolding of the γ module of fibrinogen. Interestingly, event 4, which 
represents final rupture of the ‘A–a’ knob-hole bond, was considerably less tightly bound 
than events 2 and 3, with a koff(0) two orders of magnitude larger. The values of koff(0) 
and x‡ previously found for the ‘A–a’ knob–hole interaction by Litvinov et al. were 10-3–
10-4 s-1 and 0.3 nm, respectively.24 These values are comparable to the kinetic  
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Figure 4.10 Probability distributions and Gaussian fits of the elastic energy stored the 
protein at time of rupture. The fit values for each event are – event 1: 130 ± 770 kBT; 
event 2: 1850 ± 1390 kBT; event 3: 2340 ± 1390 kBT; event 4: 970 ± 710 kBT. 
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parameters returned for events 2 and 3 by our method. It is likely that the limited spatial 
resolution associated with optical tweezers did not allow Litvinov et al. to resolve both 
unfolding and unbinding events.  
The thermodynamic free energy (ΔG) of fibrin polymerization has been reported to be 
in the range of 13.4–21.6 kBT per molecule, or 6.7–10.8 kBT for the equivalent of one 
‘A–a’ bond.25, 26 The stepwise rupture of the ‘A–a’ bond in our system requires a series of 
energetic barriers associated with events 2–4 to be overcome prior to final dissociation of 
knob ‘A’ from hole ‘a’. The sum of the free energy differences (ΔG‡) of these bonds is 36 
(events 2 and 3) to 48 kBT (events 2–4), depending on whether final rupture of the ‘A–a’ 
bond occurs at event 3 or event 4. Therefore the thermodynamic ΔG is a fraction of ΔG‡ 
extracted from our pulling experiments, regardless of whether the ‘A–a’ bond breaks 
after event 3 or event 4. Simulations by Best et al. have indicated that ΔG‡ might be 
considerably higher than the corresponding ΔG if mechanical pulling does not probe a 
“good” reaction coordinate (i.e., one that mimics thermodynamic behavior).27 This 
suggests that the ‘A–a’ bond may be more resistant to mechanical force than to thermal 
dissociation.  
We propose a mechanism explaining the phenomena represented by the four events in 
the characteristic force pattern. First, the fibrinogen molecule may reorient when pulled 
by the desAB-NDSK molecule attached to the tip, causing parallel extension and 
desorption from the substrate or from the tip of the probe (event 1). As the tip continues 
to pull away, force on the ‘A–a’ interaction results in partial unfolding of the γ module, 
which contains hole ‘a’ (events 2 and 3). Unfolding this region may destabilize the hole, 
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leading to a weakened ‘A–a’ bond, and allow the knob to dissociate at a lower force, 
represented by event 4. We hypothesize that each event in the characteristic force curve 
may represent a structural intermediate in the unfolding pathway of the γ module of 
fibrinogen when force is applied to the ‘A–a’ bond. That event 4 does not always occur 
suggests that the structure it represents constitutes a less populated intermediate than the 
structure represented by event 2, for example.  
We hypothesize that the lengthening of fibrinogen represented by the characteristic 
pattern was isolated to the γ module based on two observations. First, the geometry is 
such that the force applied to hole ‘a’ via knob ‘A’ is translated along the long axis of the 
fibrinogen γ module, through the hinge connecting the γ and β modules to the coiled-coil, 
and on towards the bulk of the molecule. Therefore, the β module does not directly 
experience force and is likely uninvolved in the characteristic pattern. Second, 
interactions between desAB-NDSK and a fibrinogen fragment containing only the D 
region and a truncated coiled-coil exhibited the characteristic pattern.9 Therefore, 
unfolding of the fibrinogen coiled-coil or E regions cannot be responsible for any events 
in the characteristic pattern. Since forced unfolding of the fibrinogen coiled-coil has been 
reported,7, 8 it is intriguing that we do not observe any effects of the coiled-coil in our 
studies. There is some disagreement regarding whether the coiled-coil unfolds 
cooperatively (i.e., with an associated peak)7 or not (i.e., with a force plateau),8 which 
may explain why we do not observe any peaks associated with the unfolding of the 
coiled-coil. Furthermore, the force required to rupture a bond is highly dependent on the 
direction of the applied force, which may be different in our system.27  
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Our results indicate that each fibrin ‘A–a’ interaction can be maintained for unfolding 
of the γ module up to strains of 50% (23 nm). Future experiments are planned to 
investigate whether this unfolding mechanism is reversible, as it may contribute to the 
reversible extensibility of fibrin fibers. Unfolding of the γ module has been predicted in 
the literature as possibly contributing to fibrin’s extensibility.2 Furthermore, these results 
suggest that the ‘A–a’ interaction resists mechanical rupture more strongly than thermal 
dissociation. The analysis presented herein provides a model and critical parameters to 
guide future studies to determine precisely which domains unfold via molecular 
dynamics.  
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Chapter 5: 
Calcium dependence of the unfolding of fibrinogen induced by force applied to the 
‘A–a’ bond 
 
5.1 Introduction 
Divalent calcium ions play important roles in fibrinogen structure and function such 
as promoting lateral aggregation during fibrin polymerization,1 limiting the extent of 
plasmin digestion,2 protecting against denaturation by heat and pH,3 and limiting the 
extent of disulfide bond reduction by reducing agents.4 Furthermore, detailed structural 
data from X-ray crystallography has identified two calcium-binding sites located in each 
of the γ- (γ1 and γ2) and β-modules (β1 and β2) of the D region (Figure 5.1).5-7 The γ1 
calcium-binding site located in the loop comprised by γ318-324 is a high affinity (ie, Kd 
in micromolar range) calcium-binding site near hole ‘a’,5 whereas the presumably lower 
affinity γ2 calcium-binding site, located in the loop γ294-301, may be a consequence of 
molecular packing interactions that exist in the crystal.6, 7 The β1 calcium-binding site, 
located in the loop β381-385 near hole ‘b’,6 is analogous to the γ1, though of lower 
affinity. The β2 site is comprised of the residues BβAsp261, BβAsp398, BβAsp263, and 
γGlu132 and links the β module to the coiled-coil connector.7 Previous work by Laudano 
et al. determined that calcium binding had little effect on the affinity of the synthetic 
knob ‘A’ for hole ‘a’.8 However, studies with recombinant proteins have shown that the  
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Figure 5.1 Crystal structure of fibrinogen D fragment. GPRP (green spheres) and the γ1 
calcium (orange sphere) are shown. Approximate placement of β2 calcium is indicated. 
The following PDB entries were used to generate protein models: 3GHG (fibrinogen), 
2A45 (desAB-NDSK), 1BJ5 (BSA), and 1LTJ (fibrinogen D region with bound knob 
‘A’). Protein models were generated with Pymol (DeLano Scientific, Palo Alto, CA).  
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integrity of the γ1 calcium-binding site is required for proper functionality of the ‘a’ site 
and ‘A–a’ promoted polymerization.11, 12 Indeed, polymerization of fibrin from patients 
with mutations in the γ1 calcium-binding loop is impaired.9  Recombinant fibrinogen 
variants with similar mutations have been shown to have reduced thrombin-catalyzed 
polymerization, and will not polymerize at all if catalyzed by batroxobin (i.e., if only 
knobs ‘A’, and not knobs ‘B’ are revealed).10, 11  These results indicated that in the 
absence of calcium in the γ1 site, ‘A–a’ knob–hole interactions are not sufficient for 
polymerization, and rather require ‘B–b’ knob–hole and αC–αC interactions to form and 
maintain the fibrin clot. 
Since the interactions between fibrin monomers are always under tension and stress in 
vivo, it is important to perform systematic investigations of bonds such as the ‘A–a’ 
using an external force to promote dissociation Due to the influence of calcium on fibrin 
polymerization and the importance of the high affinity γ1 calcium-binding site on hole ‘a’ 
functionality, it is important to understand how calcium impacts the mechanical behavior 
of the interactions responsible for fibrin polymerization. Herein, we report the influence 
of calcium on the unfolding of fibrinogen D region during forced dissociation of ‘A–a’ 
knob–hole interaction. 
 
5.2 Materials and Methods 
5.2.1 Inductively-coupled plasma optical emission spectroscopy. Inductively-coupled 
plasma optical emission spectroscopy (ICP-OES) was used to examine the trace 
concentrations of calcium present in our buffers (Teledyne Leeman Labs Prodigy Higher 
Dispersion ICP-OES, Hudson, NH). Calcium calibration standards in the range of 0 to 25 
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µM were prepared by diluting a 1000 mg/L calcium standard solution (SPEX Certiprep 
Assurance, Metachun, New Jersey) with purified water. Emission was measured at 393.4 
nm.  
 
5.2.2 AFM experiments. Tips and substrates were modified for AFM experiments 
daily as described in Chapter 2. Of note, all buffers in this chapter excluded added 
calcium unless otherwise noted. Spring constants ranged from 100–150 pN/nm. The 
parameters for force collection were 0.5 µm force distance, 3 nm trigger, 1.0 µm/s tip 
velocity, and a sampling rate of 3 kHz, with a corresponding nominal loading rate of 
~100 nN/s. At least two force volumes were performed for each experiment. 
Prior to the addition of chelators such as ethylenediaminetetraacetic acid (EDTA) or 
ethylene glycol tetraacetic acid (EGTA), force curves were acquired in HBS first as a 
positive control. A small volume (<25 µL) of a concentrated solution of the chelator was 
then added to the buffer for a final concentration of 1 mM EDTA or 0.1 mM EGTA. 
Finally, a concentrated solution of divalent ion salt (CaCl2 or MgCl2) was added to a final 
concentration of ~1 mM. After each addition, the system was allowed to thermally 
equilibrate for ~20 min prior to the subsequent force curve acquisition. Force curves were 
acquired with a 3 nm trigger, 1 µm/s cantilever velocity and data acquisition rate of 2 
kHz.  
 
5.2.3 Data analysis. Force curves were initially analyzed as described in Chapter 2. 
Curves with characteristic events (Figure 5.2) were identified using the same 
requirements as described in Chapter 4.12 Briefly, 1) the curve had to consist of two  
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Figure 5.2 Force versus separation aligned relative to the second event for curves 
representative of each phenotype of the characteristic force curve. (Top to bottom) curves 
with just the doublet (events 2–3), curves with the doublet and a preceding event (events 
1–3), curves with the doublet and a following event (events 2–4), and curves with all four 
events. Event numbers are indicated. Curves are aligned to event 2 to show consistent 
spacing between events, and offset for clarity. Ticks on y-axis represent 100 pN. 
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sequential events less than 75 pN different in force magnitude, 2) the curve could include 
an event prior to the doublet of events, and 3) the curve could include an event after the 
doublet, but this event would need to be greater than 50 pN less than the first event in the 
doublet. The force and tip-substrate separation was recorded for each event. The 
probability percentage represents the mean and standard deviation of the probabilities 
from several force volumes. Where applicable, the statistical significance was evaluated 
with a Student’s t-test, and the p-value is reported. When shown as normalized 
probability the probability was calculated so that the area under the histogram equaled 
one. 
  
5.3 Results 
5.3.1 Effect of divalent ions. To investigate the role of excess calcium in solution on 
the characteristic pattern of ‘A-a’ bond rupture, single molecule force spectroscopy 
experiments were performed in buffer before and after the addition of 3 mM CaCl2. 
Inductively-coupled optical emission spectroscopy indicated that all buffers without 
added calcium contained ~4 µM calcium, a concentration at which only the high-affinity 
γ1 calcium-binding site was likely occupied. Figure 5.3 shows the characteristic force 
pattern as a function of the tip-substrate separation relative to event 2 for experiments 
with different free calcium ion concentrations. The increased calcium concentration had 
no effect on the ‘A–a’ bond rupture. Upon plotting the force of each event in the 
characteristic pattern against the tip-substrate separation relative to event 2, well-defined 
clusters were apparent irrespective of the increase in calcium chloride concentration  
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Figure 5.3 Force versus separation relative to event 2 of all events in the characteristic 
pattern of interactions between desAB-NDSK and fibrinogen in (A) HBS, (B) HBS + 3 
mM CaCl2, (C) HBS + 1 mM EDTA, (D) HBS + 1 mM EDTA + 2 mM CaCl2, (E) HBS 
+ 0.1 mM EGTA, (F) HBS + 0.1 mM EGTA + 2 mM CaCl2, (G) HBS + 1 mM EDTA + 
2 mM MgCl2, (H) HBS + 0.1 mM EgTA + 2 mM MgCl2. Event numbers are indicated in 
(A). 
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Figure 5.4 Incidence of the characteristic pattern of fibrin ‘A–a’ bond rupture as a 
function of divalent ion concentration. Probability that an interaction was characteristic 
(i.e., contained the characteristic pattern, dark grey) and that a characteristic force curve 
contained event 4 (light grey) for interactions between desAB-NDSK and fibrinogen in 
buffers with different divalent ion salt concentrations. 
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(Figure 5.3A, B). The probability that an interaction exhibited the characteristic pattern 
was also not affected by the calcium (Figure 5.4). 
To investigate the role of the high affinity γ1 calcium binding sites in the forced 
rupture of the ‘A–a’ interaction, calcium was chelated using ~1 mM EDTA. Neither the 
percentage of interactions that contained the characteristic pattern (Figure 5.4) nor the 
forces and relative separations of events 1-3 were influenced by EDTA (Figure 5.3C). 
Interestingly, the addition of EDTA to the solution reduced the probability that a 
characteristic force curve included event 4 (Figure 5.4). After adding CaCl2 in molar 
excess to EDTA, the probability that a characteristic curve contained event 4 was restored 
(Figure 5.3D). These results suggest that the presence of event 4 in the characteristic 
pattern is dependent on the presence of calcium. At this concentration of calcium, the γ1 
site is likely occupied.13 To alleviate any concerns regarding EDTA binding to 
fibrinogen,14 a second chelator, EGTA, was used. Due to a higher specificity for calcium 
compared to EDTA, lower concentrations of EGTA were employed to reduce any 
undesirable fibrinogen interactions. Since the force data were similar for EGTA (i.e., the 
force and relative separation of events 1-3 remained unchanged, and the probability that a 
characteristic curve contained event 4 was reduced, Figures 5.4, 5.3D, F), our results 
strongly indicate that event 4 in the characteristic force pattern is contingent on the 
presence of calcium ions in solution. The probability that a tip-substrate contact will 
result in an interaction is highly dependent on the number and placement of the protein 
fragments immobilized on the AFM probe, which can vary substantially between 
experiments, and is the most likely source of the statistical variations (i.e., number of 
points) observed in Figure 5.3. While the number of interactions varied between 
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experiments, there was no consistent trend between availability of calcium ions and 
probability of an interaction. Furthermore, while the probability that a characteristic 
interaction contained event 1 appeared to be variable, we could find no correlation 
between the presence of available calcium ions and event 1. 
To evaluate the specificity of the effect of calcium on event 4 the characteristic force 
pattern, MgCl2 was added to buffers that included a chelator. While fibrinogen has no 
reported specific magnesium binding sites, millimolar concentrations of magnesium have 
been shown to affect fibrin polymerization.15 Unexpectedly, force behavior with MgCl2 
in molar excess varied with the different chelators (Figures 5.3G, H). The addition of 
MgCl2 to EDTA-containing buffer partially restored the probability that a characteristic 
curve contained event 4 (Figure 5.4). However, no effect was observed in the probability 
of event 4 by the addition of MgCl2 in EGTA-containing buffer. This disparity may be 
attributed to the affinity of the particular chelator for calcium and magnesium. While both 
chelators have a higher affinity for calcium than magnesium, the affinities of EDTA for 
calcium and magnesium differ by two orders of magnitude, while five orders of 
magnitude separate the affinities of EGTA for calcium and magnesium.16 As such, the 
calcium bound to EDTA was displaced upon the addition of magnesium to the buffer 
containing EDTA, and thus available to bind to the fibrinogen molecule. In contrast, the 
addition of magnesium to the buffer containing EGTA resulted in little or no calcium 
displacement or fibrinogen binding. 
  
5.3.2 Calcium-binding sites. Structural studies have identified two calcium-binding 
sites within fibrinogen that may play a role in the characteristic pattern of forced ‘A–a’ 
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bond rupture (Figure 5.1).6, 7, 21 The β2 calcium-binding site serves as an anchor between 
the coiled-coil and the β module, and has been hypothesized to limit the rotational 
freedom of the β module.17 The occupation (with calcium) of the γ1 calcium-binding site, 
located near hole ‘a’, has been shown to affect ‘A–a’ bond-driven polymerization.10, 11 To 
examine the effects of the γ1 and β2 calcium binding sites on the characteristic force 
pattern, desAB-NDSK interactions with fibrinogen variants having altered affinities for 
calcium at each of the sites were examined. Of note, the calcium affinities of both 
binding sites in these variants are such that they should rarely be occupied at the calcium 
concentrations present in the HBS buffer used (i.e., 4 µM).7, 11 
To examine the role of the β2 calcium-binding site on the characteristic pattern of 
forced dissociation of the ‘A–a’ interaction, γE132A fibrinogen, a variant in which the 
132nd residue of the γ chain is changed from a glutamic acid to an alanine reducing the 
affinity of the β2 site for calcium (Figure 5.1), was employed.17 The characteristic pattern 
remained intact for this variant with similar relative separations and forces for each event 
compared to wild-type fibrinogen (Figure 5.5A). Indeed, the characteristic pattern was 
observed in 54 ± 1% of interactions, versus 52 ± 12% for wild-type fibrinogen (p=0.83). 
In addition, the probability that the characteristic pattern included an event 4 was 
equivalent for the two fibrinogens (46 ± 4%). It is thus unlikely that the β2 calcium-
binding site plays a role in the forced dissociation of the ‘A–a’ knob–hole bond.  
To investigate the influence of the γ1 site on event 4, γD320A fibrinogen was used. 
The 320th residue of the γ chain for γD320A fibrinogen is changed from an aspartic acid 
to an alanine, greatly diminishing the affinity of the γ1 site for calcium.10 When the ‘A–a’ 
interactions involving γD320A fibrinogen were examined, the probability that an  
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Figure 5.5 Characteristic pattern of forced rupture of fibrin ‘A–a’ interaction with 
fibrinogen variants. Force versus relative separation for desAB-NDSK interacting with 
(A) γE132A fibrinogen, (B) γD320A fibrinogen.  
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interaction contained the characteristic pattern was not significantly different (p = 0.09) 
for the forced dissociation of desAB-NDSK from γD320A than from wild-type 
fibrinogen (43 ± 7% versus 52 ± 12%, respectively). However, event 4 only occurred in 2 
± 2% of curves with the characteristic pattern (Figure 5.5B), representing a significantly 
reduced probability compared to the wild-type (p < 0.01), and suggesting that the 
appearance of event 4 in the characteristic pattern of ‘A–a’ bond rupture is highly 
dependent on the occupation of the γ1 calcium-binding site.  
 
5.3.3 Single-rupture curves. Previously, we reported that specific inhibition or the 
lack of ‘A–a’ interactions in variant fibrinogens because of mutation abrogate all events 
in all force curves,18 and thus, both characteristic and non-characteristic events 
represented the ‘A–a’ interaction between desAB-NDSK and fibrinogen. Non-
characteristic force curves were most often characterized by a single event, as observed in 
20 ± 6% of curves with interactions. Such curves represent instances in which the ‘A–a’ 
bond broke prior to unfolding of the structure of the fibrinogen molecule. Histograms of 
the force of single event curves of desAB-NDSK interacting with wild-type fibrinogen in 
HBS with additional calcium (3 mM CaCl2) and γD320A fibrinogen in HBS are given in 
Figure 5.6A and 5.6B, respectively. Both distributions have two distinct force 
populations that with fitting (Gaussian) return means ± standard deviations of 77 ± 80 pN 
and 223 ± 83 pN, and 62 ± 72 pN and 219 ± 67 pN for wild-type and γD320A fibrinogen, 
respectively.  
The final event of each force curve represents the rupture of the ‘A-a’ interaction as it 
is the only link between the tip and substrate. In interactions between desAB-NDSK and  
 146 
 
 
Figure 5.6 Normalized force probability distribution for (A) single event interactions 
between desAB-NDSK and wild-type fibrinogen, (B) single event interactions between 
desAB-NDSK and γD320A fibrinogen, (C) events 3 (light grey) and 4 (dark grey) in 
characteristic interactions between desAB-NDSK and wild-type fibrinogen, and (D) 
event 3 in characteristic interactions between desAB-NDSK and γD320A fibrinogen. The 
center and standard deviation of Gaussian fits (black lines) are indicated. The probability 
is normalized such that the area under the histogram equals one. 
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wild-type fibrinogen exhibiting the characteristic pattern, the final rupture occurred at 
either event 3 or event 4 (Figure 5.2), while characteristic interactions between desAB-
NDSK and γD320A fibrinogen always ruptured at event 3. Since events 3 and 4 have 
different force magnitudes, they represent the rupture of the ‘A–a’ bond in different 
energetic states. Histograms of the rupture forces of events 3 and 4 of wild-type 
fibrinogen and event 3 for γD320A are shown in Figure 5.6C and 5.6D, respectively. 
When fit with a Gaussian curve, the most probable rupture forces for wild-type 
fibrinogen event 3 was 227 ± 43 pN and event 4 was 99 ± 38 pN, while event 3 of 
γD320A fibrinogen had a most probable rupture force of 217 ± 48 pN. In both cases, the 
most probable force of event 3 was nearly identical to the high force population of 
interactions that ruptured in a single event. However, the low-force population of the 
single event force probability distribution was somewhat lower than that of event 4 for 
wild-type fibrinogen.  
 
5.4 Discussion 
The use of force as the biologically relevant experimental parameter positions the 
AFM as an ideal tool for examining the complex structural changes involved in the 
forced dissociation of the ‘A–a’ interaction that binds fibrin monomers. Force applied to 
fibrinogen’s hole ‘a’ through bound knob ‘A’ induces stepwise lengthening of the γ 
module of fibrinogen prior to rupture of the ‘A–a’ bond,18 indicating that the ‘A–a’ bond 
is sufficiently stable under tension to allow propagation of applied forces to other regions 
of fibrinogen resulting in its unfolding. Herein we have found that the degree of 
extension of the γ module prior to the rupture of the ‘A–a’ bond is dependent on the 
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occupation of the γ1 calcium-binding site. Since most of the events in the characteristic 
pattern are not influenced by the occupation of the γ1 by calcium, the γ1 calcium-binding 
site does not alter the force required to rupture the ‘A–a’ bond prior to extension of the γ 
module. Indeed, interactions that ruptured in a single event were nearly identical for wild-
type fibrinogen and γD320A fibrinogen (Figure 5.6A, B). These data may explain why 
calcium does not affect the affinity of synthetic knob ‘A’ for hole ‘a’ in equilibrium 
assays,8 yet modulates ‘A–a’ promoted fibrin polymerization.10, 11  
We hypothesize that the lengthening of fibrinogen represented by the characteristic 
pattern was isolated to the γ module based on two observations. First, the geometry is 
such that the force applied to hole ‘a’ via knob ‘A’ is unlikely to be translated to the β 
module. This conclusion is consistent with our finding that the characteristic pattern and 
probability of event 4 of γE132D fibrinogen (which possesses altered β module mobility 
due to the lack of the β2 calcium site) are not different from those in normal fibrinogen. 
Second, our previous studies excluded unfolding of the coiled-coil as contributing to the 
characteristic pattern, since interactions between desAB-NDSK and a fibrinogen 
fragment containing only the D region and a truncated coiled-coil exhibited the 
characteristic pattern.18  
The stepwise unfolding of the γ module creates fibrinogen intermediates of different 
lengths in the unfolding pathway associated with ‘A–a’ forced dissociation. These force-
induced intermediates may be considered mechanically stable as they resist further 
unfolding for short periods of time (i.e., the time between ruptures in the characteristic 
pattern) while under tension.  Future investigations regarding the stability and 
reversibility of the unfolding pathway are planned. The stepwise unfolding of the γ 
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module may be biologically significant, acting as a safety mechanism that protects the 
structure of hole ‘a’ (and therefore the ‘A–a’ bond) while allowing some extension of the 
fibrin monomer. The reduction in the ability of the fibrinogen molecule to lengthen may 
be the cause of the impaired polymerization of fibrinogen variants with reduced calcium 
binding at the γ1 site.9, 10 A mechanism similar to this has been proposed for other 
proteins that have mechanical intermediates when unfolded by force.19-21 Of note, the 
probability distribution of interactions that ruptured in a single event indicated that the 
‘A–a’ bond rarely ruptured at the force of event 4 without the γ module unfolding first. 
This observation supports our findings in Chapter 4 that events 2–4 represent an 
arrangement of sequential bonds whereby each protects the next from breaking (i.e., a 
‘zipper’ configuration).12 Taken together, these data indicate that fibrinogen does not 
assume the extended conformation seen at event 4 under static, solution conditions, 
explaining why such an extended conformation has not been detected in X-ray 
crystallography studies of fibrinogen structure.  
As a mechanical biopolymer, it is functionally advantageous for the interactions 
between fibrin fiber’s constituent monomers to withstand elongation of the monomer. For 
example, the formation of a fibrin clot is dynamic, implying that the monomers 
experience force during polymerization.22 Further, fibrin fibers in clots are straight,23 
indicating that they are under tension even under static conditions.24 If the interactions 
between monomers can withstand elongation of monomers, the fiber may stretch before 
breaking. In addition to the unfolding of the γ module described in this paper, others have 
proposed and observed elongation under force of the fibrinogen coiled-coil and αC 
domains.42-45 Recent work by Brown et al. showed that the response of fibrin clots and 
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fibers to force indicates that fibrin monomers in clots must unfold.25 These authors 
proposed that regions of fibrin other than the coiled-coil segment likely unfold at high 
strains. The force Brown et al. observed for unfolding the coiled-coil (~90 pN)26 is less 
than is required to unfold the γ module in our experiments, suggesting that in a fiber the 
coiled-coil are capable of unfolding before the γ module. It is thus possible that unfolding 
of the γ module may be involved in the extension of fibrin fibers at high strain. Lastly, the 
extension prior to rupture of the ‘A–a’ bond of the γ module of fibrinogen is reduced 
from 34 to 17 nm in the absence of calcium bound at the γ1 site. As the ‘A–a’ interactions 
are responsible for maintaining the stability of fibrin fibers, this calcium-dependent 
behavior of monomers may translate to tunable mechanical and structural properties of 
unligated fibrin polymers. As such, the γ1 calcium may represent an attractive target for 
altering the mechanical and structural properties of fibrin for biomedical applications. 
Future studies are planned to examine the effect of calcium bound to the γ1 binding site 
on fibrin polymerization and mechanical properties. Preliminary work has found that 
EDTA does not affect the extensibility of fibrin fibers ligated by factor XIII,27 suggesting 
that the ability of the ‘A–a’ interaction to withstand extensions represented by event 4 
may not be significant in the breaking strain of fibrin. 
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Chapter 6: 
Effect of solution chemistry on the unfolding of fibrinogen induced by force applied 
to the ‘A–a’ bond 
 
6.1 Introduction 
Fibrin polymerization is a complex, multistep process that is influenced by solution 
conditions including sodium chloride (NaCl) concentration,1-3 pH,2, 4-8 and temperature.2, 
7, 9 Each of these parameters has notable effects on the kinetics of fibrin polymerization, 
as well as the structural and mechanical properties of the final clot.10-12 However, the 
effect each of these parameters on fibrin polymerization at the molecular level is poorly 
understood. Therefore, we sought to evaluate the influence of environmental parameters 
(i.e., NaCl concentration, pH, and temperature) on the mechanical behavior of the ‘A–a’ 
knob–hole interaction, the initial stages of fibrin polymerization. 
In 1947, Ferry et al. found an inverse relationship between ionic strength (i.e., 
concentration of NaCl) and fibrin fiber thickness.1 While this relationship was 
subsequently reproduced by a number of groups,4, 6, 7, 13-15 none examined whether the 
ionic strength or the concentration of NaCl was the significant factor, as NaCl that was 
used exclusively to vary the ionic strength. More recently, Di Cera’s group discovered 
these effects were attributable to chloride, as sodium fluoride (NaF) and NaCl had 
different effects on fibrin polymerization and structure at the same ionic strength.3, 16 The 
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authors attributed chloride’s influence on fibrin structure to its chaotropic nature.  Indeed, 
chloride binds water molecules less strongly than kosmotropes (e.g., fluoride and 
acetate). Since they shed water more easily than kosmotropes, chaotropes more readily 
bind basic amino acid groups on proteins.17, 18 Consistent with previous reports on the 
effects of ionic strength on fibrin clot formation, the same laboratory showed that 
chloride primarily influenced lateral aggregation, a stage of fibrin polymerization that 
included few ‘A–a’ knob–hole interactions.3 Clot turbidity, a measure of fibrin fiber 
thickness, was inversely related to the NaCl concentration up to ~0.5 M NaCl.3, 19 While 
the turbidity remained constant between ~0.5–2 M NaCl, it increased with above 2 M 
NaCl.19 Since fibrin polymerization is a kinetically controlled process where the kinetics 
of initial processes such as ‘A–a’ bond formation and protofibril generation influence 
subsequent lateral aggregation, the chloride concentration could very well affect the 
primary stages of fibrin polymerization as well.  
The relationship between pH and fibrin polymerization has long been studied.4, 6-8 
Early works focused on elucidating the types of bonds involved in the clotting process as 
they related to the effect of pH on clot formation and dissolution.20, 21 Fibrin’s pH 
dependence has been attributed to changes with and around histidine, an amino acid with 
a pKa of ~6.22 Since the earliest reports, it has been known that unligated clots (i.e., clots 
in which C termini of γ chains are not covalently linked by Factor XIII) dissolve in 
solutions with pH < 3.5.23 In 1995, Okude et al. polymerized fibrinogen over the pH 
range of 5–10.8 Fibrinogen exhibited longer lag time, slower vmax, and dramatically 
decreased final turbidity at pHs < 6.5. The kinetics of polymerization were equivalent at 
basic and physiological pH, though the final clot turbidity at higher pH was decreased. 
 156 
These results suggest that acidic conditions slow the kinetics of fibrin polymerization. 
Furthermore, both acidic and basic conditions led to less turbid clots, indicating lateral 
aggregation was inhibited by non-physiological pH. 
While the melting temperatures of fibrinogen and its constituent domains have been 
investigated,24 there have been few systematic studies of the effect of temperature on 
fibrin polymerization. For simplicity, fibrin polymerization is typically characterized 
under ambient conditions, though physiological temperatures are sometimes used. In a 
study by Nair et al., fibrin was polymerized over a temperature range from 15–37 ºC. The 
authors found that the mass-to-length ratio decreased from 15–24 ºC, but did not 
significantly change between 24–37 ºC.7 The change in fibrin network structure at 
lowered temperatures was attributed to both the rate of generation of the fibrin monomer 
and fibrin assembly, though no concrete conclusions were drawn. Another study by 
Dietler et al. investigated fibrin polymerization over a temperature range from 0–37 ºC 
with the goal of extracting kinetic information regarding polymerization.9 This study 
found that the initial stages of fibrin polymerization were not affected by temperature 
because the two processes occurring during this stage (i.e., fibrinopeptide release and 
fibrin monomer aggregation) had opposing temperature dependencies. Increasing 
temperature increased the rate of FpA release but decreased the probability of ‘A–a’ bond 
formation. The authors did not comment on the relationship between solution temperature 
and the resulting fibrin network structure.  
 Since fibrin polymerization is a complex process, temperature likely affects the 
polymerization in multiple ways. Both the activity of the enzyme used to catalyze 
polymerization and the interactions that cause protofibrils to form and laterally aggregate 
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are temperature-dependent. The choice of enzyme affects each of these parameters.  For 
example, thrombin, the enzyme that induces clot formation in mammals, cleaves both 
FpA and FpB from fibrinogen, while batroxobin, purified from snake venom, cleaves 
only FpA.10 By cleaving FpB, thrombin exposes knob ‘B’ and frees the αC domains from 
their interaction with the central E region. Since FpB, knob ‘B’, and the αC domain all 
have known interactions with other regions of the fibrin(ogen) molecule,25, 26 it is 
important examine the temperature-dependence of both thrombin- and batroxobin-
catalyzed fibrin polymerization. 
Herein, the effect of NaCl concentration, pH, and temperature on the ‘A–a’ knob–
hole interaction are examined. Specifically, two metrics related to the stability of the ‘A–
a’ bond are used to study the influence of solution conditions: 1) the probability that an 
interaction is characteristic; and, 2) the probability that the characteristic interaction 
includes event 4. Since the literature lacks thorough examination of the effect of 
temperature on fibrin polymerization fibrin polymerization catalyzed by both batroxobin 
and thrombin is examined as a function of temperature. 
 
6.2 Materials and Methods 
6.2.1 AFM experiments. Spring constants ranged from 100–150 pN/nm, though spring 
constant measurement did not vary more than 20% for any given cantilever. The 
parameters for force collection were 0.5 µm force distance, 3 nm trigger, 1.0 µm/s tip 
velocity, and a sampling rate of 3 kHz, with a corresponding nominal loading rate of 
~100 nN/s.  
 
 158 
6.2.2 Effect of NaCl concentration. The fibrin ‘A–a’ interaction was examined at four 
concentrations of sodium chloride: 0.02 M, 0.15 M, 0.5 M, and 2 M. At concentrations of 
sodium chloride higher than 2 M, the buffer solution was too opaque to obtain adequate 
signal sum. For each ionic strength, the solution was buffered with 20 mM HEPES, the 
pH adjusted to 7.4, and 2 mg/mL BSA and 0.01% Triton X-100 were added. Each 
substrate and tip was prepared as described in Chapter 2. For each experiment, at least 
three force volumes were collected in each of the buffers in the order of increasing NaCl 
concentration. Between experiments, the substrate and tip were removed from the system, 
and rinsed copiously with the buffer used in the following experiment. The 0.15 M NaCl 
data point represents the standard operating conditions, as described in section 6.2.5. 
 
6.2.3 Effect of pH. To vary the pH of the buffer used, small volumes of either 1 M 
HCl (5 µL) or 1 M NaOH (10 µL) were added to the buffer in the AFM cell, providing a 
pH range of approximately 4–10, as determined by separate evaluation with pH paper. 
Each substrate and tip was prepared as described in Chapter 2. For each experiment, the 
behavior of the ‘A–a’ bond was first examined at pH 7.4, with subsequent adjusting of 
the solution pH up or down without removing either the tip or substrate from solution. 
This procedure allowed changes to be made to the solution without disturbing the 
molecules on the AFM probe or substrate. Increasing and decreasing pH experiments 
were performed on separate days with fresh substrates and probes. The system was 
allowed to equilibrate for 20 min after each pH adjustment.  
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6.2.4 Effect of temperature. A commercially available temperature-controlled flow-
cell accessory for the AFM (Asylum Research, Santa Barbara, CA) was used to vary the 
temperature of the buffer. Each substrate and tip was prepared as described in Chapter 2. 
The substrate was immobilized on the base of the flow-cell device with vacuum grease 
(Dow Corning, Midland, MI). The cantilever holder was fitted with a bellows to 
minimize evaporation. However, the flow-cell device was not clamped closed, so some 
evaporation was possible. The temperature controller was used to achieve and maintain 
temperatures of 27, 37, and 47 ºC. The system was allowed to equilibrate for at least 20 
min after each temperature adjustment. Since the increase in temperature caused 
significant drift in the tip deflection even after equilibration, force volume collection was 
occasionally paused to re-adjust the deflection. 
 
6.2.5 Fibrin polymerization experiments. Plasma fibrinogen, purified using a 
GPRPAA affinity column in a manner similar to that previously reported for the 
fibrinogen D fragment,27 was diluted in AFM buffer to a final concentration of 0.51 
mg/mL. Thrombin and batroxobin were diluted to 2 U/mL in HBS, stored on ice, and 
used within 1 h of preparation. A 0.63 mL volume of the fibrinogen solution was placed 
into a quartz cuvette and incubated for 5 min in a thermostatically-controlled cuvette 
holder (Multi Temp III recirculating thermostat, Amersham Bioscience) in a 
spectrophotometer (Biospec 1601, Shimadzu). Fibrin polymerization was initiated by 
adding of 0.07 mL of the thrombin or batroxobin solution to the cuvette. The turbidity 
change at 350 nm was monitored for 30 min. All reactions were performed twice, and the 
curves presented represent their averages. The lag time was determined as the time 
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between enzyme addition and increase in A350 to >0.01. The vmax was determined as the 
maximum slope of the turbidity curve. The final turbidity was the average A350 during the 
last third of the analysis (i.e., 20–30 min). 
 
6.2.6 Data analysis. The data was analyzed as described in Chapter 2. Characteristic 
curves were identified as described in Chapter 4. The probabilities that an interaction was 
characteristic and that a characteristic interaction included event 4 were analyzed as 
described in Chapter 5. The probability percentage represents the mean and standard 
deviation of the probabilities from several force volumes. Statistical significance (p-value 
<0.05) was evaluated with the Student’s t-test (two-tailed, type three) against experiments 
performed in ‘standard’ conditions (i.e., pH 7.4, 150 mM NaCl, 27 ºC). The ‘standard’ 
condition results represent the average behavior of four experiments performed at pH 7.4 
(specifically, the experiments performed prior to altering pH for the experiments 
described in section 6.2.3). 
 
6.3 Results 
6.3.1 Effect of NaCl concentration. To examine the effect of sodium chloride on the 
forced rupture of the ‘A–a’ knob–hole interaction, SMFS experiments were performed in 
buffers with concentrations of NaCl ranging from 0.02–2 M. Figure 6.1 shows the 
probability that an interaction is characteristic, as defined by the requirements outlined in 
Chapter 2, and the probability that a characteristic interaction contains event 4. The 
probability that an interaction was characteristic was not significantly varied over the 
range of NaCl concentrations investigated (Figure 6.1A). However, the probability that a 
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characteristic interaction included event 4 was inversely related to the concentration of 
NaCl (Figure 6.1B). Of note, the probability of event 4 occurring was higher (though not 
significantly so) at very low concentrations of NaCl than the physiologically relevant 
concentration of chloride ions in blood. 
 
6.3.2 Effect of pH. To investigate the role of pH on fibrin polymerization at the 
single-molecule level, the forced rupture of the ‘A–a’ bond was examined from pH range 
4–10. Figure 6.2 shows the probability that an interaction is characteristic, and the 
probability that a characteristic interaction includes event 4 as a function of pH. The 
probability that an interaction is characteristic was constant at all pHs except pH 4, at 
which time the probability that an event was characteristic significantly decreased. The 
probability that a characteristic interaction contained event 4 decreased as the solution 
became more acidic or basic, though the rate of decrease was more rapid in the acidic pH 
range. However, the probability that a characteristic interaction included event 4 was only 
significantly different than pH 7.4 at pH 5 and 10. 
 
6.3.3 Effect of temperature. The relationship between temperature and fibrin 
polymerization was investigated at three temperatures: 27, 37, and 47 ºC. The probability 
that an interaction was characteristic was not significantly different between experiments 
performed at 27 and 37 ºC, though it was significantly reduced at 47 ºC (Figure 6.3A). In 
contrast, the probability that a characteristic interaction contained event 4 was inversely 
related to the temperature of the solution, with significant decreases at both 37 and 47 ºC 
(Figure 6.3B). 
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Figure 6.1. Probability that (A) an interaction is characteristic and (B) a characteristic 
interaction includes event 4 as a function of NaCl concentration. The 0.15 M 
concentration represents the standard operating conditions. 
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Figure 6.2. Probability that (A) an interaction is characteristic and (B) a characteristic 
interaction includes event 4 as a function of pH. A pH 7.4 represents the standard 
operating conditions. Asterisks indicate statistical significance (i.e., p-value > 0.05) 
against the standard conditions. 
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Figure 6.3. Probability that (A) an interaction is characteristic and (B) a characteristic 
interaction includes event 4 as a function of temperature. The temperature at 27 ºC 
represents the standard operating conditions. Asterisks indicate statistical significance 
(i.e., p-value > 0.05) against the standard conditions. 
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Since fibrin polymerization at temperatures above 37 ºC had not previously been 
reported, we followed turbidity as a marker of fibrin polymerization induced by either 
batroxobin or thrombin over the range of temperatures examined in the SMFS 
experiments. The lag time, vmax, and A350 for both thrombin- and batroxobin-catalyzed 
fibrin polymerization at 27, 37, and 47 ºC are shown in Table 6.1. For thrombin-catalyzed 
clots, the relationship between temperature and fibrin polymerization was complex 
(Figure 6.4A). The final turbidity of the clot was greatest when fibrin was polymerized at 
47 ºC, but not different between 27 and 37 ºC. Like turbidity, the vmax was similar 
between 27 and 37 ºC, but was slower at 47 ºC. The lag time was directly related to the 
temperature of polymerization. The batroxobin-catalyzed polymerization results were 
more straightforward (Figure 6.4B). The lag time and final turbidity were both inversely 
related to temperature. However the vmax increased hen increasing the temperature from 
27 to 37 ºC, but was the same for both 37 and 47 ºC.  
 
6.4 Discussion 
Each of the solution environment parameters examined in this chapter (i.e., NaCl 
concentration, pH, and temperature) has known effects on protein stability and structure, 
and fibrin polymerization.10 By examining the effect of these parameters on the forced 
rupture of the ‘A–a’ bond, we expect to draw connections between the structural stability 
of the fibrinogen molecule and the ‘A–a’ bond, and the ‘A–a’ bond and fibrin 
polymerization. The rupture pattern characteristic of the forced dissociation of the ‘A–a’ 
bond serves as a tool for understanding the effects of solution conditions on the structure 
and function of the area surrounding hole ‘a’. If the manner in which the knob–hole 
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Table 6.1 Parameters of fibrin polymerization as a function of temperature and enzyme. 
 Temperature (ºC) Lag time (min) vmax (min-1) A350 
Thrombin 27 0.5 0.2 0.57 
 37 0.7 0.2 0.57 
 47 0.9 0.1 0.66 
Batroxobin 27 0.9 0.1 0.56 
 37 0.6 0.2 0.42 
 47 0.4 0.2 0.33 
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Figure 6.4. Absorbance at 350 nm as a function of time and temperature for fibrin 
polymerization. Fibrin polymerization was catalyzed by (A) thrombin and (B) 
batroxobin. The polymerization was investigated at three temperatures: 27 ºC (dashed 
line), 37 ºC (solid line), and 47 ºC (dotted line). 
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interaction reacts to force is altered, the probability that the interaction is characteristic 
(i.e., contains the doublet of events) will be reduced. Alternatively, if the hole is 
destabilized but not structurally changed, as is the case with the effects of calcium on the 
‘A–a’ bond described in Chapter 5, the probability that a characteristic interaction 
contains event 4 will decrease. The nature of the changes to the structure and function of 
the ‘A–a’ bond can thus be deduced from trends observed in two parameters: 1) the 
probability that an interaction is characteristic; and, 2) the probability that a characteristic 
interaction contains event 4. 
Of the parameters examined, only elevated temperature (i.e., 47 ºC) and acidic pH 
(i.e., pH <5) resulted in a decreased probability that an interaction was characteristic 
(Figures 6.2A, 6.3A). Both conditions may result in changes to the structure of the γ 
module leading to less efficient ‘A–a’ binding. The only amino acid with a pKa in the 
range investigated in these experiments is histidine (pKa of 6). One of the critical 
residues in hole ‘a’ involved in hydrogen-bonding with the knob, γH340, is a histidine 
(Figure 6.5B). These polar contacts are lost at low pH because protonation of the 
histidine disrupts hydrogen bonding interactions with the knob (Figure 6.5C). 
Additionally, there are three histidine residues in the core of the γ module proximate to 
hole ‘a’ (Figure 6.5A). Therefore, a collection of positively charged groups may create 
repulsive electrostatic forces, destabilizing the structure of hole ‘a’. The positive charge 
of histidine in acidic conditions may prevent the knob from entering the pocket. When 
destabilized by altered pH (e.g., pH 3.5 or 8.5), the melting temperature of the fibrinogen 
D region containing the γ module and hole ‘a’ is in the range of 45–55 ºC.24 Thus, at   
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Figure 6.5. (A) Structure of γ module (ribbon) with bound GPRP peptide (spheres). 
Location of all histidine residues in γ module are shown with sticks. (B) Magnification of 
GPRP peptide (center) and residues in hole ‘a’ with which it has polar contacts (dashed 
lines). The N-terminus of knob ‘A’ hydrogen-bonds with His 340 (labeled). Created from 
PDB-ID 1LTJ using Pymol. (C) Schematic of the protonation of histidine. 
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47 ºC, it is possible that the γ module is partially denatured, such that hole ‘a’ binds knob 
‘A’ inefficiently.  
Of note, unligated fibrin clots have been reported to dissolve both at low pH (i.e., pH 
≤3.5) and high temperature (i.e., >42 ºC at pH 5).20, 28, 29 Clots will not form when 
catalyzed by thrombin at pH 5. The central role of the ‘A–a’ knob–hole bond in fibrin 
polymerization and stability suggests that conditions that inhibit clot formation and 
dissolve formed clots do so by affecting the ‘A–a’ bond. Indeed, addition of GPRP (the 
peptide that competes with knob ‘A’ for the fibrin hole ‘a’) to an unligated clot can lead 
to its dissolution.30 That this disruption is detectible by a mechanical technique suggests 
that the mechanical properties of the ‘A–a’ bond (i.e., the ability of the bond to withstand 
extensions of the fibrin monomer) are critical to fibrin clot formation. 
As shown in Figure 6.1B, 6.2B, and 6.3B, the probability that a characteristic 
interaction ruptures in event 4, a parameter that measures the stability of the ‘A–a’ bond, 
is affected by every solution condition examined in this work including pH, temperature, 
and NaCl concentration. These results indicate that the ability of hole ‘a’ to maintain its 
structural integrity under tension is decreased by perturbations to the solution 
environment. While one might expect that the extensions the ‘A–a’ bond can withstand 
are largest at physiological conditions, this is not the case. Indeed, the probability of 
event 4 occurring is highest at concentrations of NaCl and temperatures below the 
physiological range (i.e., 0.02 M NaCl and 27 ºC).  
Since limited data exists in the literature regarding fibrin polymerization at elevated 
temperatures, we sought to fill this gap by examining both thrombin- and batroxobin-
catalyzed fibrin polymerization over the temperature range of 27–47 ºC. Thrombin 
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cleaves both FpA and FpB, whereas batroxobin cleaves only FpA. Therefore, thrombin-
catalyzed polymerization is more complex than batroxobin as both knob ‘A’ and knob 
‘B’ are exposed, and more of the αC domains are liberated from their association with 
the fibrin E region. In contrast, batroxobin-catalyzed polymerization is more dependent 
on the ‘A–a’ knob–hole interactions. The effect of temperature on fibrin polymerization 
was different for each of the enzymes. For thrombin, the effects of temperature on the 
vmax and lag time indactes that temperature slows protofibril formation. In addition, the 
final turbidity was not different between 27 and 37 ºC, but was higher at 47 ºC, 
suggesting that temperatures above physiological parameters enhance lateral aggregation, 
leading to thicker fibers. Enhanced lateral aggregation may be attributed to either greater 
efficiency in the interactions normally responsible for lateral aggregation, or partial 
denaturation of fibrin monomers, causing nonspecific adhesion between protofibrils and 
fibers. These results agree with previous work that reported the mass-to-length ratio of 
fibrin fibers was unchanged from 24–37 ºC.7 When batroxobin was used to catalyze fibrin 
polymerization, protofibril formation was enhanced and lateral aggregation suppressed by 
temperature. The source of the discrepancy between these results is not immediately 
clear, and is likely attributable to several factors including the presence of FpB, 
availability of αC domains, temperature dependence of enzymatic efficiency, and/or 
bond formation kinetics. The activity of each enzyme is indeed temperature-dependent. 
As such, it is impossible to deconvolute the temperature-dependencies of the enzyme and 
the ‘A–a’ interaction. Examining clot formation via turbidity made the distinction 
between both polymerization steps (i.e., fibrinopeptide cleavage, protofibril formation, 
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and lateral aggregation) and clot morphology (i.e., degree of branching, porosity, and 
fiber thickness) equally difficult. 
Conditions that caused a decreased probability of event 4, indicative of a destabilized 
hole ‘a’, correlated with previously reported conditions associated with decreased 
asymptotic turbidity of final clots.3, 8 Since turbidity has been previously related to fiber 
thickness,31 conditions suppressing thick fibers also reduce the ability of the γ module to 
achieve extended lengths associated with event 4 prior to rupture of the ‘A–a’ bond. One 
possible explanation for this correlation is the hypothesis posed by Weisel et al.32 Since 
the monomers in fibrin fibers are twisted structures in register, the fibrin molecules on the 
outer portions of a fiber must be longer than those in the center. The possible difference 
in length of fibrin monomers, therefore, is a limiting factor in the diameter of fibers. 
Since the fibrin monomer is 17 nm longer at event 4 than event 3, this added length might 
contribute to the upper limit of fibrin fiber diameter. It should be noted that electron 
microscopy studies of fibrin fibers formed at a variety of conditions suggest that high-
turbidity clots have bundled groups of fibers of normal thickness versus large fibers.11 
The role of such fiber bundles is unclear.32 Furthermore, the thickness of fibers and 
turbidity are also affected by the amount of fiber branching, a parameter that remains 
poorly understood.10, 12, 32 
In conclusion the relationship between solution environment and the single-molecule 
mechanics of fibrin interactions was explored. A correlation exists between conditions 
that have been previously reported to inhibit fibrin polymerization (i.e., high temperatures 
and acidic pH)20, 28, 29 and those that suppress the characteristic pattern of forced ‘A–a’ 
bond dissociation. In addition, the solution conditions associated with fine fibrin clots 
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with thin fibers3, 8 also reduce the probability of observing event 4 of the characteristic 
pattern. At this stage, the separation of the mechanics from the kinetics of the ‘A–a’ 
interaction in fibrin polymerization remains ambiguous. Collectively, these results may 
lead to an improved understanding of the relationship between the mechanics of the ‘A–
a’ interaction and fibrin clot structure.  
Several future experiments are planned to enhance the results reported in this chapter. 
Firstly, the examination of ionic strength will be expanded to evaluate whether the trends 
found in this study are specific to chlorine, as was reported for previous studies of fibrin 
polymerization.3 The effects of salts other than NaCl (e.g., NaF) on the characteristic 
pattern of forced rupture should be examined. Secondly, more precise control of the pH 
of the buffering solution will be advantageous, as fibrin polymerization has been reported 
to be affected by small changes in pH.5-7 Since the buffering range of HEPES (pH 6.8–
8.2) does not cover the pH range examined in this study, the solution was likely not well-
buffered at the highest and lowest pHs. More accurate control of the pH in future 
experiments may be achieved by mixtures of buffering agents to cover the full range of 
pH examined. As the volume of buffer in the AFM varies between and within 
experiments due to evaporation and user variation, the pH values reported are only 
approximate. A flow cell will be used to regulate solution volume, decreasing this source 
of error. Lastly, to eliminate the effects of enzyme activity in fibrin polymerization 
assays, fibrin monomers generated by both thrombin and batroxobin may be used to 
generate clots. 
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Chapter 7: 
Summary and Future Research Directions 
 
7.1 Summary 
The forced rupture of the fibrin ‘A–a’ knob–hole interaction, the primary bond 
responsible for the initial stages of fibrin polymerization, was investigated using the 
atomic force microscope operated in force spectroscopy mode. As described in Chapter 3, 
the required force to rupture the ‘A–a’ bond was associated with a complex pattern of up 
to four events corresponding with lengthening of the protein. It was determined that 
desAB-NDSK–fibrinogen was an accurate model for the ‘A–a’ interaction since the same 
pattern was observed when fibrin–fibrin interactions were probed. We demonstrated that 
this pattern was due to interactions between a single pair of molecules by examining the 
shape of the rupture distributions, which were characteristic of the rupture of single 
bonds, and by varying the amount of protein immobilized on the substrate. The method of 
immobilization did not influence the characteristic rupture pattern, as it remained 
consistent regardless of the proteins immobilization method (i.e., nonspecifically 
adsorbed or covalently bound). Next, it was shown that the ‘A–a’ knob–hole bond was 
the only known fibrin–fibrin interaction to contribute to this characteristic pattern as 
interactions involving desA-NDSK, BβD432A fibrinogen, and the fibrinogen D 
fragment, lacking active knob ‘B’, hole ‘b’, and E and αC regions, respectively, were the 
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same as those between desAB-NDSK and fibrinogen. Finally, the structure of the E 
region did not affect the characteristic pattern since the fibrin α chain behaved similarly 
to desAB-NDSK. The D region was implicated as the source of the characteristic pattern.  
Indeed, the DD fragment, with its stabilized structure of the D, behaved differently than 
fibrinogen. Considering all of the above data, the most likely source of the characteristic 
pattern of forced rupture of the fibrin ‘A–a’ bond was determined to be unfolding of the 
D region of fibrinogen. 
To extract kinetic and structural information related to the molecular mechanisms 
involved in the characteristic pattern associated with the ‘A–a’ bond forced rupture, 
several data analysis techniques available to SMFS experiments were used, as described 
in Chapter 4. Analysis of the shapes of the rupture force distributions of each event 
showed that events 2–4 were likely in a zipper conformation such that the bonds broken 
in each event protect the bonds broken in the next event. By modeling the extension of 
the tether connecting the AFM tip to the substrate as a freely-jointed chain, we 
determined the molecular length that became available after the each event was 
determined to be ~11, 6, and 17 nm, respectively. Furthermore, this analysis proved that 
the structures extended in event 1 are in parallel to those extended in event 2. Analysis of 
the force-dependence of the bond off-rate suggested that the traditional Bell-Evans 
model1, 2 of forced-bond dissociation was insufficient to describe the behavior of each 
event. A model proposed by Dudko et al.3 that accounts for the shape of the bond energy 
well was thus employed, revealing the energy barrier between the bound and unbound 
fibrin ‘A–a’ states is more resistant to force than to thermal dissociation. As might be 
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expected, the structure of fibrin and the ‘A–a’ bond has been engineered by evolution to 
function in the mechanically dynamic environment of blood. 
Since fibrin polymerization is known to be dependent on the solution environment, 
we sought to understand how various solution factors affect the interactions involved in 
fibrin polymerization at a single-molecule level. As described in Chapter 5, the 
availability of calcium in solution has a notable effect on the characteristic pattern. In the 
absence of calcium, the γ module never achieves the length represented by event 4 (23 
nm). This result was proven to be reversible (i.e., returning a molar excess of Ca2+ to a 
solution that had been chelated with either EDTA or EGTA returned event 4), specific to 
calcium (i.e., adding Mg2+ could not restore the presence of event 4), and due to the γ1 
calcium-binding site (i.e., fibrinogens with reduced affinity for calcium at this site did not 
exhibit event 4). Based on these data, we hypothesized that the γ1 calcium-binding site 
stabilizes hole ‘a’ while other regions of the γ module unfold, allowing the knob–hole 
bond to withstand the large extensions characteristic of event 4. In the absence of the γ1 
calcium ion, the unfolding of the γ module associated with events 2 and 3 destabilize the 
hole such that the knob immediately dissociates from the hole. Since the rupture force 
probability distributions for bonds that dissociated in a single event were the same for 
fibrinogen molecules with and without the γ1 calcium, this calcium does not affect the 
strength of the knob–hole bond prior to unfolding of the γ module. Furthermore, the ‘A–
a’ interaction rarely ruptures at the forces associated with event 4 in the absence of the 
characteristic pattern. Therefore, we hypothesized that the molecular structure associated 
with event 4 is achievable only when force is applied. 
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In Chapter 6, the solution environment-dependence of the behavior under tension of 
the ‘A–a’ bond was expanded to include NaCl concentration, pH, and temperature. 
Solution conditions known to inhibit fibrin polymerization (i.e., acidic solutions and high 
temperatures) were shown to reduce the likelihood that an interaction was characteristic. 
In addition, the ability of the hole to maintain function under extension was decreased by 
every perturbation to the solution conditions, such that the probability that the ‘A–a’ bond 
ruptured at event 4 was decreased. Event 4 was most probable (i.e., the hole was the most 
able to withstand large extensions of the γ module) at sub-physiological concentrations of 
NaCl and temperatures. 
 
7.2 Future research directions 
While the work presented herein contributes to understanding the relationship 
between force and fibrin polymerization at the molecular scale, two main questions 
should drive future research: 1) what changes in the structure of the fibrin(ogen) γ 
module occur during force traces that exhibit the characteristic pattern?; and 2) what role, 
if any, does γ module unfolding play in clot formation and function? By understanding 
the answers to these questions, clotting dysfunctions may be elucidated and mediated, 
and new fibrin structures may be created to establish diverse and effective bases for tissue 
engineering and wound healing applications. Working towards these goals will likely 
require a combination of techniques from biology, chemistry, physics, and computer 
science. 
To further our understanding of the molecular mechanisms involved in the pattern 
characteristic of ‘A–a’ bond rupture, several advanced single-molecule force 
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spectroscopy methodologies may be employed. Since fibrin polymerizes in the dynamic 
environment of flowing blood, the association rate of ‘A–a’ bond formation is of great 
interest. Several methods have been developed to find the association kinetics of bonds 
using AFM.4-6 The relationship between unfolding of the γ module and the association 
kinetics of the ‘A–a’ bond must be probed by dynamic methods because the complexity 
of the forced rupture of the ‘A–a’ bond is not detectable by techniques such as surface 
plasmon resonance. Guo et al., recently reported the immobilization of biotin on the AFM 
probe using a PEG polymeric tether.6 The long linker proved advantageous as its 
behavior is well modeled by ideal polymer approximations such as WLC and FJC. 
Furthermore, the length of time that the molecules immobilized on the tip and substrate 
are in contact may be predictably varied by varying the rate at which the tip approaches 
the substrate. The association kinetics may be then extracted from the relationship 
between the time the molecules are in contact and the probability of forming an 
interaction. With respect to fibrin(ogen), the relationship between the ‘A–a’ bond 
association and the rupture pattern characteristic of dissociation may lead to an improved 
understanding of fibrin polymerization, the kinetics of which are still largely a mystery.7 
Since fibrin clots must maintain their structure under both variable and constant 
forces, another important study would be to examine how the ‘A–a’ bond behaves under 
steady force compared to monotonically increasing force. In contrast with classical “force 
ramp” force spectroscopy where the probe is retracted from the substrate at a constant 
velocity, “force clamp” experiments retract the tip from the substrate at a rate that varies 
as necessary to maintain a constant force on the tip.8, 9 Force clamp methodology is a 
direct method of extracting kinetics from AFM experiments as no data manipulation or 
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transformation is required to find bond lifetimes as a function of force. Instead of the 
force versus separation traces acquired via force ramp spectroscopy, force clamp 
experiments provide separation versus time data. For systems that extend in a stepwise 
manner, the separation versus time traces will exhibit as series of plateaus, similar to stair 
steps as shown in Figure 7.1A. The length of each plateau is the lifetime of that molecular 
conformation at the chosen force. The force-dependence of the bond lifetime corresponds 
to the bond’s kinetic parameters in similar ways as for force ramp spectroscopy.10 In 
addition to unfolding kinetics, protein refolding under tension may be examined by 
quenching the force applied to the protein and observing the separation decrease with 
time (Figure 7.1B). The force clamp method has been used to study the kinetic 
parameters of unfolding of several multi-domain proteins including titin,9, 11 ubiquitin,12-
14 poly-protein L,15 and fibronectin.16 In addition, such methodology has been employed 
to understand protein-folding mechanisms17-19 and elucidate the effect of disulfide bond 
reduction on protein stability.20 Applying the force clamp methodology to the fibrin ‘A–
a’ knob–hole system will provide two main advantages. First, the kinetic parameters of 
the characteristic pattern found in Chapter 4 may be validated. Any differences between 
the kinetic parameters determined from force clamp and force ramp experiments may be 
attributable to unforeseen complexity in the relationship between the bond free energy 
profile and force, and thus require more in-depth analysis.10 Second, refolding of fibrin 
while under tension may be observed. The latter result would be physiologically relevant, 
as the structural stability of fibrin fibers must be maintained even under constant tension. 
Since fibrin’s extensibility is largely reversible,21 the molecular mechanisms allowing 
fibrin fibers to stretch must also be reversible. If the unfolding of the γ module induced 
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Figure 7.1 (A) Hypothetical force clamp separation versus time traces of fibrin ‘A–a’ 
knob–hole bonds. Inset is associated force ramp force versus separation trace. Each 
plateau represents a mechanically stable conformation associated with an event in the 
characteristic pattern (as indicated by color), and the rise between plateaus represents the 
increase in molecular length between the mechanically stable conformations. (B) 
Schematic of force-quench experiment to examine protein refolding. Force is initially 
high, as in force clamp experiments (solid line), but is quenched to a much lower value 
(dotted line) after some unfolding events are observed. The separation between the tip 
and the substrate is examined as a function of time. Integrity of refolded structure may 
then be tested by a second unfolding cycle. 
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by force applied to the ‘A–a’ bond contributes to the extensibility of fibrin, it too must be 
reversible. Reversibility of forced unfolding of proteins may also be examined by SMFS 
by performing several approach-retract cycles on a single molecule prior to rupturing the 
link between the tip and substrate. As shown in Figure 7.2, hysteresis between the 
retraction and re-approach cycles would provide information regarding the time scale of 
re-folding. In general, a large hysteresis between the approach and retract cycles would 
indicate energy lost in the unfolding of the protein such that the folding and unfolding 
pathways are not identical. A small hysteresis indicates highly reversible molecular 
unfolding allowing the protein to re-fold on timescales accessible by the AFM. In this 
way, the reversibility of forced unfolding of polysaccherides,22, 23 tenascin,24 RNA,25 
myosin,26 titin,27, 28 and fibronectin,16 has been examined. If, like myosin,26 the fibrin γ 
module refolds without hysteresis, it may act as a molecular shock absorber, perfectly 
recoiling from impulses of applied force, protecting the clot from traumatic rupture. On 
the other hand, if considerable hysteresis between the unfolding and refolding traces of 
the characteristic pattern exists, unfolding of the γ module would be associated with 
plasticity of the clot such that it has a ‘memory’ of stresses. In this case, it would be of 
interest to examine the time required to recover the characteristic pattern on a subsequent 
retraction cycle as it may lead to information regarding the time scale of fibrin recovery 
to large extensions. The structure of the γ module and the unfolding rupture pattern are 
more like titin than myosin, and will likely have refolding behavior more similar to titin. 
While the single-molecule force spectroscopy experiments outlined above will lead to 
a better understanding of the molecular mechanisms involved in unfolding of the γ  
module through force applied to the ‘A–a’ bond, they alone will not be sufficient to  
 185 
 
Figure 7.2 Examples of unfold – refold cycles for three model biological systems, with 
(A) little to no hysteresis between the unfolding and refolding traces of myosin, an 
extracellular matrix protein comprised of α helix bundles, indicating perfect elasticity on 
the time scales accessible by the AFM. On the other extreme, (B) the large hysteresis of 
the unfolding and refolding traces of multi-domain proteins like titin indicates that such 
proteins do not refold along the same energetic pathway they follow during unfolding. 
Schematics based on a figure from Zhuang et al.27 
A
B
Separation
F
o
rc
e
unfold
refold
 186 
discover which structures of fibrin unfold. To this end, a combination of molecular 
dynamics (i.e., computer simulations) and mutagenesis via biochemistry will be 
necessary. In molecular dynamics simulations, the force field (i.e., electrostatic, polar, 
Van der Waals) of a protein of known structure are determined.29 With perturbation of 
this force field molecular motions are induced and tracked. To simulate AFM 
experiments of forced protein unfolding, one atom of the protein may be ‘weighted’ with 
a massive sphere while pulling another atom away from that sphere. In a similar manner, 
the structural changes associated with forced unfolding of titin,30, 31 fibronectin,32, 33 
protein L,34 ubiquitin,17 fibrinogen coiled-coils,35 and nebulin36 have been resolved with 
atomic resolution, with determination of structural characteristics associated with 
mechanical stability.37-41 In addition to revealing the structural mechanisms involved in 
the appearance of the pattern characteristic of knob–hole rupture, these studies may shed 
light on amino acids critical to the structural stability of fibrin’s γ module. Fibrinogen 
variants could be made with site mutations at critical residues, and the ‘A–a’ interaction 
of these mutants characterized. Such studies might shed light on how to tune fibrin’s 
nanomechanics (i.e., the strength of the ‘A–a’ bond and the unfolding characteristics of 
the γ module). 
If a solution chemistry parameter or structural variant is discovered to mediate the 
characteristic rupture pattern of ‘A–a’ dissociation, it would be interesting to compare the 
nanomechanical effects to those observed on the scale of fibrin fibers or clots.21, 42-46 For 
example, as described in Chapter 5, calcium has proven to be critical to the maximum 
extension of the fibrinogen γ module prior to the rupture of the ‘A–a’ interaction. If 
achieving the monomer length represented by event 4 is necessary for fibrin’s 
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extensibility, the availability of calcium ions should also affect the maximum extension 
of fibrin found previously.21, 46, 47 Recently Hudson et al. investigated the extensibility of 
fibrin fibers in the presence and absence of EDTA (a chelating agent), finding no 
difference,48 indicating fibrin monomer does not achieve the conformation represented by 
event 4 prior to breaking of the fiber when crosslinked by Factor XIII. These results 
imply that the characteristic pattern measured in our single-molecule experiments is not 
the sole determinant of the maximum extensibility of fibrin fibers. By comparing the 
results of single-molecule force spectroscopy experiments with those of larger assemblies 
(e.g., mechanics of single molecules or clots, polymerization experiments), the biological 
significance of fibrin nanomechanics may be elucidated. 
The methodologies developed in this work may also be applied to other protein 
systems with mechanical biological significance. For example, the specific interactions 
involved in protein-mediated bacterial adhesion are intrinsically mechanical since they 
allow bacteria to maintain attachment to a surface while under forces associated with 
blood flow.49-52 Understanding the molecular mechanics associated with these 
interactions may be a first step to mediating the formation of biofilms and/or bacterial 
infection.  
 
7.3 Conclusion 
Collectively, this dissertation has detailed the mechanical behavior of the primary 
interaction involved in the first stages of fibrin polymerization (i.e., the ‘A–a’ knob–hole 
interaction). It was shown that forced rupture of this interaction was often preceded by 
unfolding of the fibrin γ module region around hole ‘a’. The forced unfolding of the γ 
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module included up to three mechanically stable intermediate structures that may act to 
protect the ‘A–a’ interaction from premature dissociation. The unfolding mechanism, 
which increase the length of the fibrin monomer by ~50%, was shown to be mediated by 
a variety of solution conditions including calcium concentration, temperature, and pH. In 
the future, the source of the mechanical properties of fibrin networks may be elucidated 
by characterizing the response to force of interactions between single fibrin molecules. 
As the first example of protein unfolding induced by force applied to a specific, 
mechanically significant interaction, the fibrin ‘A–a’ interaction may serve as an 
important model for studying structural sources of protein nanomechanics. 
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